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ABSTRACT 
CATCHMENT S C A L E MONITORING AND M O D E L L I N G O F PHOSPHORUS 
USING F L O W INJECTION ANALYSIS AND AN E X P O R T C O E F F I C I E N T 
M O D E L 
GRADY SCOTT HANRAHAN 
Acquiring high quality in situ analytical data with good temporal resolution is required for 
developing models of phosphorus transport and biogeochemical behaviour. Chapter One 
describes the behaviour of phosphorus in the aquatic environment, its sources, its role in 
the eutrophication process and legislation to control its release into aquatic systems. It also 
summarises analytical techniques for the determination of phosphorus in natural waters. 
An examination of the hypothesis that the export coefficient modelling approach can be 
used to predict phosphorus loading in the River Frome catchment, Dorset on an armual and 
seasonal (monthly) basis is presented in Chapter Two. The model predicted an annual 
(1998) phosphorus load of 25,605 kg yr'\ compared with an observed (measured) value of 
23,400 kg yr'V Monthly loads agreed well with monthly observed values except during 
months of variable discharge. 
Chapter Three describes a study on the comparison of sample storage protocols for the 
determination of total oxidised nitrogen (TON) and filterable reactive phosphorus (FRP) in 
the River Frome and Tamar Estuary. The results showed that optimum storage conditions 
were highly matrix dependent, with significant differences in measured FRP concentration 
over time between the River Frome and Tamar Estuary (due to different calcium 
concentrations) and between samples of different salinities (due to different bacterial 
populations). 
Chapter Four describes the development and deployment of a portable flow injection (FI) 
monitor for phosphorus determination in the River Frome. The automated monitor, 
incorporating solenoid micropumps and switching valves, a miniature CCD spectrometer, a 
graphical programming environment and a tangential flow filtration unit, achieved a 
detection limit of 0.67 pM and was able to monitor at high temporal resolution (every 30 
min). Chapter Five examines historical water quality indicators and data fi-om recent short-
term, high temporal monitoring campaigns using the FI monitor in order to identify the key 
factors affecting phosphorus concentrations in the River Frome. Results showed the 
importance of catchment geology (chalk-based) and hydrological conditions in relation to 
other physico-chemical parameters in controlling phosphorus behaviour. 
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/ want to be a lion. 
Everybody wants to pass as cats. 
We all want to be big stars, but we got different reasons for that 
Believe in me because I don'/ believe in anything and I want to be someone 
to,,,believe! 
-Counting Crows-
CHAPTER ONE 
Introduction 
1. INTRODUCTION 
L l PHOSPHORUS 
Phosphorus (P), from the Greek word ""phosphoros^ meaning "bringer of UghC, has an 
atomic mass of 30.97 and was first isolated by Hennig Brandt in 1669. Phosphorus is a 
mineral nutrient essential for all life forms. It is a component of nucleic acids and several 
intermediary metabolites. Phosphodiester bonds link mononucleotide units forming long 
chains of DNA and RNA and the synthesis of all complex molecules of life are powered by 
the energy released by the phosphate bond reversibly moving between adenosine 
diphosphate (ADP) and adenosine triphosphate (ATP). The essential role that phosphorus 
plays in life has lead to great interest in its behaviour in the environment. The behaviour of 
phosphorus in aquatic systems is of particular interest because it is considered to be the 
limiting nutrient in freshwater ecosystems (see section 1.2 for detailed explanation). 
1.1.1 SOURCES OF PHOSPHORUS I N THE AQUATIC ENVIRONMENT 
Phosphorus can enter natural water systems from several point and difEuse sources 
including weathering of the earth's crust, sediment release, animal and plant wastes, 
agricultural runoff, effluents from industry and sewage treatment works and atmospheric 
deposition. The delivery of phosphorus from point and diffuse sources and its interaction 
between the atmospheric, aquatic and terrestrial ecosystems is depicted in Figure 1.1. 
a) DIFFUSE SOURCES 
It is has been reported that nitrogen concentrations in rivers are more influenced by difRise 
sources than phosphorus (House and Denison, 1997). However, agriculture (e.g. fertiliser 
and animal feed inputs) is becoming an increasingly important contribution to the total 
phosphorus content in UK (Moss, 1996) and other European rivers (Steenvoorden and 
Gosterom, 1979). The increased use of inorganic fertilisers coupled with intensified soil 
erosion has led to phosphorus increases since the post-1945 agricultural intensification 
(Johnes and Hodgkinson, 1998). In general, the transfer of phosphorus from agricultural 
soils to surface waters is a complicated process due to differing soil types and 
characteristics, fertiliser application, hydrological factors and delivery mechanisms 
(Novotny and Chesters, 1989). 
b) POINT SOURCES 
A significant portion of the total phosphorus content in UK freshwaters is delivered by 
point sources, principally sewage treatment effluents and industry (Ferguson ei a/., 1996; 
House and Denison, 1997). These effluents contain phosphates from human sources 
(which produce approximately 2 g P/person/day, SCOPE, 1999), det^gents, food waste 
and other products. In Europe, such discharges have reached levels as high as 73 % of all 
phosphates discharged. Point-discharges to aquatic systems are more easily controlled 
compared with diffuse sources, thus making the fate of point sources of phosphorus and its 
impacts more easily assessed (House and Denison, 1997). Consequently, releases of 
phosphate from sewage into surface waters have fallen in Europe by 30-60 % in the last 
decade as a result of increased regulatory pressure leading to better treatment processes 
(SCOPE, 1999). 
c) RAINFALL AND DRY DEPOSITION 
Unlike carbon, nitrogen or sulphur for which gaseous compounds are generated in 
relatively large amounts, the levels of phosphorus in the atmosphere are negligible. The 
low levels of phosphorus present are derived from combustion of fossil fuels, biomass and 
ocean spray (Smil, 2000). Phosphorus inputs from precipitation have been reported in the 
range of only 0.05-1.0 kg P ha * (Graham and Duce, 1979) and Meybeck (1982) calculated 
the annual dry and wet deposition on land to be a mere 75 g P ha '. 
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Figure 1.1 The delivery of phosphorus from point and diffuse sources into an aquatic system. 
1,1.2 CYCLING OF PHOSPHORUS IN FRESHWATER SYSTEMS 
Phosphorus is introduced in the aquatic environment as a mixture of dissolved and 
particulate inputs, which are then interchanged by biological organisms and physico-
chemical processes (Figure 1.2). The cycling and retention of phosphorus has been 
extensively studied in lakes and shown to be efficiently controlled by biological 
assimilation and the deposition of particles and biota to the bottom sediment (Correll, 
1998). In riverine systems, only a small portion of the dissolved and particulate fractions 
is retained (Bostrom et a/., 1988) and this is controlled by several physical, chemical and 
biological mechanisms. However, rivers have an additional downstream transport 
mechanism which is considered to be the most important index for instream phosphorus 
behaviour (Newbold ei a/., 1981; Mulholland e/ a/., 1985). The coupled processes of 
phosphorus transport and cycling can be described in terms of its spiralling length, 
representing the average distance travelled by one phosphorus atom from the point it 
enters the system in the dissolved form, through the various components of the ecosystem 
and back to the dissolved form (Maltchik et a/., 1996). This concept combines two 
principles of nutrient dynamics: the rate of cycling and the degree of nutrient retentiveness 
(Newbold etal., 1983). The distance travelled in one cycle is: 
S= VT Equation 1.1 
where S = spiralling length; V = average velocity at which the nutrient atom travels 
downstream and T = average time required to complete a cycle. Spiralling lengths in a 
first-order woodland stream (Tennessee, USA) have been reported to vary between 23 and 
190 m (Mulholland et al., 1985). In a related study. Hart et ai. (1992) reported a mean 
spiralling length of 84 m in a second-order Australian stream. In these systems, the 
majority o f downstream transported phosphorus was in the dissolved form. However, the 
importance of particulate transport may be underestimated as large storm events, which 
may release large proportions of particulate-bound phosphorus, were not taken into 
consideration. I t is such events that may increase spiralling lengths^ thus afifecting 
phosphorus uptake and utilisation. In general, systems with short spiralling lengths retain 
nutrients more efficiently than those with longer spiralling lengths. 
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Figure 1.2 Transformations of phosphorus in aquatic systems. 
Exchange between dissolved and particulate fractions is governed by biologically mediated 
processes and physico-chemical complexation and release reactions. Particles release 
inorganic and organic phosphorus into solution, which can be enzymatically hydrolysed to 
orthophosphate. Once hydrolysed, orthophosphate can be taken up by phytoplankton or 
incorporated into particulate matter (Reynolds, 1984). Sediments are particularly 
important in controlling in stream phosphorus behaviour and bioavailability as a vital 
exchange exists between the sediment-water interface. Exchange of phosphorus will occur 
until a dynamic equilibrium is reached, with several interrelated processes, both physico-
chemical and biological, involved. One of the primary factors governing this exchange is 
the pH of the solution. An increase in pH has been shown to reduce the capacity of ferric 
and aluminium complexes to bind phosphorus due to competition between hydroxyl and 
phosphate ions (Drake and Heaney, 1987; Bostrom et a/., 1988), thus resulting in reduced 
transfer of dissolved to particulate phosphorus. However, increases in pH have also been 
shown to lead to inorganic phosphate (and possibly some dissolved organic phosphorus) 
being co-precipitated with calcium as calcite and removal of paniculate phosphorus bound 
in algae aggregated with calcite crystals (Stabel, 1986; House, 1990). This process is 
particularly pertinent for waters derived from chalk aquifers where excess carbon dioxide 
pressures (EpCOj) occur (Hope et a/., 1995). In these systems, increased EpC02, defined 
as the dissolved CO2 concentration in a water sample divided by the dissolved CO2 
concentration in pure water in equilibrium with the atmosphere at the same temperature 
and pressure, can lead to increases in pH and calcium saturation of the water (Neal et a!., 
1998b). In addition to catchment geology, EpCOz levels are also influenced by the 
generation of CO2 due to microbial respiration, uptake of dissolved CO2 by benthic algae, 
phytoplankton and macrophytes and loss of CO2 to the atmosphere (Neal et al., 2000). 
Redox conditions at the sediment-water interface also influence the cycling of phosphorus. 
The binding of phosphate to iron at potentials below +200 mV have been showm to reduce 
iron(III) to iron(n), thus releasing iron(n) and phosphate back into solution (Aminot and 
Andrieux, 1996). Finally, temperature increases have been shown to reduce adsorption of 
phosphate by mineral complexes in the sediment (Redshaw et al., 1990). 
The above processes are complicated by the influence of biological activity. Transport 
within the food web provides a mechanism by which phosphorus is transferred from the 
dissolved to the particulate phase. Chambers and Prepas (1994) showed that sediment 
nutrient concentrations were greater in areas receiving anthropogenic phosphorus inputs 
due to increased growth of macrophyte biomass. Increasing biomass can affect sediment 
chemistry by contributing organic matter (Gregg and Rose, 1982), trapping particles or 
through the release of oxygen (Gunnison and Barko, 1989). Macrophytes have the ability 
to influence phosphorus release by altering the pH and oxygen concentrations in the 
overlying water (Chambers and Prepas, 1994; Clarke and Wharton, 2001; Wigand et aL, 
2001), with greater benthic release occurring in sediments overlain by oxygen-depleted 
(anoxic) water (Ingall and Jahnke, 1994). Cycling o f phosphorus associated with reducible 
iron oxide may also contribute to the flux of phosphorus in sediments (Buffle et a/., 1989). 
Under oxygenated conditions, a microlayer rich in iron oxide traps phosphorus, thus 
preventing its release. In contrast, anoxic conditions reduce the iron oxides and previously 
bound phosphorus is released back into solution. It is believed that much of the difference 
in the relative organic carbon and phosphorus with oxygen concentration is due to the 
redox-dependent cycling of phosphorus by bacteria (Davelaar, 1993). Bacterial release of 
phosphorus from sediment occurs at approximately the same redox potential as the 
reduction of Fe(III) (Gachter et a/., 1988), with the mecharusm for this process based on 
the ability of bacteria to actively accumulate and store phosphorus under aerobic 
conditions where excess dissolved phosphorus is available as the end result of oxidative 
phosphorylation (Toerien et a!., 1990). 
There are, however, major issues that need to be further addressed when assessing the 
behaviour and impact of phosphorus within rivers and streams. As mentioned, storm events 
and their role in the contribution of phosphorus to a given system must be considered. Low 
summer baseflow periods, for example, reduce the capacity for dilution of sewage 
efinuents. In contrast, high rainfall levels can produce short-term pulses of particulate 
phosphorus from diffuse sources, which can in turn have an impact on bottom sediments. 
However, our understanding of such events and their impacts is still rather limited due in 
part to the logistical implications of trying to monitor such events (see section 1.6). 
1.2 PHOSPHORUS AS A L I M I T I N G NUTRIENT 
Liebig's Law of the Minimum states that the growth of an organism is limited by the 
substance (e.g. nutrient) or other factors (e.g. light) which is available to it in the least 
quantity relative to its need for growth (Home and Goldman, 1994). With respect to 
phosphorus, it simply means that organisms have an absolute requirement for a minimum 
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amount of phosphorus per cell. Traditionally, limiting nutrients were d^ermined by use o f 
the Redfield ratio, a stoichiometric relationship of I06C;I6N:IP found in marine algae 
(Redfield, 1958). As a rule, i f the ratio of N:P, for example, is greater than the Redfield 
ratio (16:1), then P is limiting. However, Redfield ratios are approximations, particularly 
for freshwater systems, and only valid when phosphorus and nitrogen are below the 
growth-rate-limiting concentrations of 5 | ig P L'* and 20 ^g N L"*, respectively (Jones-Lee 
and Lee, 2001). I f concentrations are greater than these amounts then the growth rate is 
limited by other factors, normally light. Algal bioassays have been reported as being more 
reliable than using Redfield ratios, for example, and readily usable in determining limiting 
nutrients in a given water body (Lee and Jones-Lee, 2001), Bioassays examine 
concentrations of available nutrients at maximum algal biomass and have the potential to 
detect the absence of trace elements or the presence of toxins (Nyholm and Lyngby, 1988). 
It has been widely accepted that phosphorus is the nutrient most limiting primary 
production in lakes (Ryther and Dunstan, 1971; Vollenweider, 1976; Schindler, 1978; 
Dodds, 1993). Several phosphorus addition studies assessing alteration of productivity 
have indicated that phosphorus is also a key element controlling productivity in streams 
and rivers (Stockner and Shortreed, 1978; Elwood et ai., 1981; Peterson et ai., 1985). 
However, due to the dynamic physico-chemical and biological interactions, the 
relationship between phosphorus levels in streams and its trophic level is complex. For 
example, the nature of flow in streams means that physical limitations such as light may 
have greater influence on productivity. In addition, Francoeur ei al. (1999) stated that 
seasonal changes must be assessed when considering the influence of phosphorus on 
stream ecosystems, as variations in the ratio of N:P occurred within the streamwater and in 
streambed periphyton communities. 
1.2.1 EUTROPHICATION 
The relationship between phosphorus input to freshwater systems and the process of 
eutrophication is quite clear. Eutrophication can be defined as nutrient enrichment of 
waters which results in the stimulation of an array of symptomatic changes that affects the 
overall water quality. In the UK, a concentration of 0.1 mg P L"' has been reported by the 
Environment Agency as being an indicator of possible current or future problematic 
growth (Young et al., 1999). Assessment can be in the form of direct measurements of 
phosphorus or the effects of phosphorus enrichment (e.g. increased algal biomass), but no 
single variable is accepted as being the sole indicator. Thus, the degree of eutrophication is 
assessed in terms of reference criteria. Several classification systems based on trophic state 
have been developed to characterise lakes in terms of nutrients and chlorophyll a (Carlson, 
1977; Forsberg and Ryding, 1980; OECD, 1982). Oligotrophic conditions are 
characterised by low nutrient levels and low algal • biomass. Eutrophic conditions are 
characterised by high nutrient levels and high productivity levels. Mesotrophic conditions 
have intermediate characteristics. 
Although rivers and streams are occasionally classified as eutrophic or oligotrophic, their 
dynamic nature prevents well-established classification criteria (Kelly and Whitton, 1995). 
Biggs (2000) suggested that criteria for the prevention of algal growth be set in relation to 
flood frequency and expected time available for biomass accrual. A simple model was 
constructed by first setting critical biomass targets for the system, then nutrient criteria to 
prevent the target biomass from being exceeded was calculated. The model successfully 
predicted trophic conditions as a function of nutrient concentration and days of accrual 
based on regression models for chlorophyll a. Dodds etal. (1998) characterised the trophic 
state of streams using frequency distributions of nutrients and chlorophyll a to define 
trophic levels. Results showed that the ratio of maximum to mean benthic chlorophyll a 
for streams was significantly higher than those found for planktonic chlorophyll a in lakes, 
confirming greater variance in streams. 
1.2,2 ENVIRONMENTAL LEGISLATION 
Concerns regarding the environmental impact of elevated nutrient concentrations are 
reflected in recent legislation enacted in many parts of the worid. For example, the main 
Council of the European Communities (CEC) EU Directives relating to the quality of 
surface and seawaters, with special consideration for phosphorus are as follows: 
a) DIRECTIVE 91/271/EEC-URBAN WASTE WATER TREATMENT 
This Directive (CEC, 1991) concerns the detwrnination of the required treatment of urban 
wastewater, prior to discharge into a given body of water, which is based upon the 
receiving water characteristics and sensitivity to eutrophication. Different requirements 
apply to different areas of discharge, i.e. "sensitive", "normal" and "less-sensitive". In the 
case of sensitive areas (those subject to eutrophication), the aim is to reduce total 
phosphorus concentration to < 2 mg L"' P from sewage works with 10,000 - 100,000 
population equivalents (P.E.) and < 1 mg L"* P for those with more than 100.000 P.E. 
Formal compliance for this Directive was set for 30 June 1993 with the last deadline for 
technical compliance to be met by the year 2005. According to the most recent report 
(CEC, 1998), the implementation of the Directive has been satisfactory in most Member 
States. 
b) DIRECTIVE 80/778/EEC-QUALITY OF WATER INTENDED FOR 
H U M A N CONSUMPTION 
This Directive (CEC, 1980) covers all water intended for human consumption, treated or 
untreated regardless of origin. Both guide levels (G) and maximum admissible 
concentrations (MAC) are listed for most parameters. For phosphate, values of 0.17 mg L ' 
' PO4-P (G) and 2.18 mg L * PO4-P (MAC) are reported. 
c) DIRECTIVE 75/440/EEC-ABSTRACTION OF DRINKING WATER I N 
MEMBER STATES 
In this Directive (CEC, 1975) surface waters abstracted for drinking water purposes are 
grouped in three classes: A l , A2 and A3, based upon the type and degree of treatment, 
with A3 being the most advanced. For phosphates, compliance values are 0.17 mg L * 
PO4-P for A l and 0.31 mg L * PO4-P for A2 and A3. 
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1.3 MANAGING PHOSPHORUS INPUTS 
Proper management practices are paramount in the implementation and success of 
environmental legislation to help control the effects of increased phosphorus loading into 
surface waters. 
1.3.1 PHOSPHORUS LOADING MODELS 
Models assist in the investigation of the origin and fate of nutrients from point and diffuse 
sources, especially with regard to eutrophication, and on a catchment scale. Models should 
give the predictive capacity that is necessary in complex systems and show good 
accordance between predicted and observed values. Resultant models can be used to 
select the best management tool suited for the solution o f environmental problems. 
Numerous models, both empirically and physically based, have been designed to predict 
phosphorus loads and delivery to receiving water bodies (Table 1.1). 
a) EMPIRICAL MODELS 
The most common and simplistic approach in predicting phosphorus loading is by the use 
of empirical models. The majority of empirical phosphorus loading models are based on a 
model by Vollenweider (1969), in which total lake concentrations o f phosphorus were 
dependent upon the net phosphorus load, the depth of the lake, sedimentation rates and 
hydraulic retention time. Examination of the impact of land use in greater detail and the 
addition of phosphorus export coefficients fiirther developed this approach (Omernik, 
1976; Beaulac and Reckhow, 1982). Export coefficients (in terms of land use) are 
estimated by monitoring runoff from appropriate land use or types (see section 2.2.2 for a 
more detailed definition). 
The simplicity and adaptability of this approach has allowed numerous other studies to be 
performed, taking into account the complexity of land-use systems, human and animal 
sources and scaling from plot to larger catchment sizes. Clesceri et al. (1986) first 
normalised phosphorus export coefficients to take into account the geographical setting by 
adapting them to the endemic characteristics (i.e. land use, climate and soils) of the region 
II 
(Wisconsin, USA). Soranno et al. (1996) estimated phosphorus loading by taking 
advantage of both the spatial data structure (topography and land use) of Geographical 
Information Systems (GIS) and the export coeflficient concept adjusted to take into account 
overland flow due to precipitation. Johnes (1996) took the export coefficient approach 
further by constructing a model based on summing phosphorus loads to the River 
Windrush catchment, UK from land use, animal and human sources. Land use coefficients 
were adjusted to take into account spatial variability and selected to suit UK catchments. 
In addition, a basin-specific management plan based upon a sensitivity analysis isolating 
the key parameters of the model was constructed. In a later study, Johnes and Heathwaite 
(1997) used export coefficients for land use that were adjusted from a limestone dominated 
catchment (Windrush) to a catchment with surface and lateral shallow sub-surface flow 
(Slapton Ley) by the incorporation of a distance-decay factor. In addition, GIS was 
adopted to take into account the spatial distribution of land use. To assess seasonal export 
of phosphorus from land use, human and animal sources, May et al. (2001) predicted 
monthly losses using annual export coefficients adjusted with respect to the relative runoff 
for a ^ven month. This approach takes into account the role of phosphorus storage and 
remobilisation in a riverine system (Cherwell, UK) and requires information on rainfall to 
estimate baseflow discharges that are important in the seasonal aspect o f the model. 
There is considerable discussion in the literature concerning the proper selection of export 
coefficients to coincide with different land uses and geographical regions, which could be a 
limitation in this approach. The use of regionally specific coefficients are thus 
recommended to prevent the under or over estimation of phosphorus loading due to "all 
encompassing" annual coefficients. Overall, the export coefficient modelling approach is a 
straightforward but effective technique in predicting phosphorus loads into a given water 
body. 
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Table 1.1 Phosphorus loading models for surface waters. 
Model Model type Water body Comments Reference 
Nutrient budget model Empirical Lake Dependent upon load, depth, sedimentation 
rates and hydraulic retention time. 
Vollenweider, 1969 
Stomiwater management model 
(SWMM) 
Physical Lake Early physical model able to predict transient 
storm behaviour. 
Huber, 1975 
Export coefficient approach Empirical Lake Export coefficients introduced; loading from 
major land use types. 
Reckhow and Simpson, 
1980 
Linear loading model Physical Lake drainage basin Strong linear loading/runoff relationship. Maloncetal., 1984 
Export coefficient approach Empirical Lake Use of regional specific export coefficients. Clesceri etal., 1986 
Linear regression model Empirical River Phosphorus concentration and fiows divided 
into strata on the basis of daily flow. 
Meyer and Harris, 1991 
Export coefficient approach Empirical River Loading based on land use, animal and 
human sources. 
Johnes, 1996 
Export coefficient approach Empirical Lake Accounted for spatial land use by employing 
CIS. 
Sorannoerfl/., 1996 
Temporal dynamic model Physical Lake Model based on phosphoms and flow 
dynamics in relation to sur&ce drainage. 
Jordan-Meille^/t?/., 1998 
Spatially Integrated Models for 
Phosphoms Loading and Erosion 
(SIMPLE) 
Physical River Combines both physically based and 
empirical based components. 
Komecki etal., 1999 
Export coefficient approach Empirical River Use of coefficients normalised with respect 
to runoff; seasonal aspect. 
Mayet al., 2001 
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b) P H Y S I C A L L Y - B A S E D H Y D R O L O G I C A L MODELS 
Physical models are based upon hydrological analyses that predict surface and sub-surface 
flow which can be used in sediment and nutrient transport studies. Hydrological models 
such as Agricultural Non-Point Source Pollution (AGNPS), for example, estimate sediment 
and nutrient export mainly from small drainage basins (Young et a/., 1989). This 
particular model divides catchments into hydrologjcal units and assesses runoff, soil 
erosion and diffuse pollution. Nutrient loads, however, can be difficult to predict due to 
problems in selecting appropriate input values for runoff and sediment yield (Lenzi and Di 
Luzio, 1997). Another model. Spatially Integrated Models for Phosphorus Loading and 
Erosion (SIMPLE), combines both physically based and empirically based components 
(Komecki ei a!., 1999). This application requires fewer parameters, thus reducing the 
potential of uncertainty in model predictions which are inherent in the more sophisticated 
physically based models. However, this model overestimated monthly phosphoms loss, 
probably due to the method used to determine the phosphorus concentration in runoff. 
More simplistic models incorporating a hydraulic parameter have also been investigated. 
Malone et at. (1984) constructed a simple model, which reflected a linear relationship 
between phosphorus loading and urban runoff. However, this model was not applicable 
when trying to predict transient storm events. Jordan-Meille et al. (1998) constaicted a 
phosphorus loading model based on the comparison between chemical and flow dynamics 
and the relation between the catchment and its surface drainage. The resultant knowledge 
of phosphorus distribution and dynamics allowed better prediction and control of 
phosphorus loading. 
The overall attraction of physically based hydrological models is their potential to provide 
detailed flow ir\formation. However, it has been reported that such models are often too 
crude to enable accurate predictions, partly due to the inherent assumptions and algorithms 
used in such models (Grayson et al., 1992). In addition, the scale of measurement for the 
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majority of parameters is often incompatible with such models and limited to small spatial 
units (De Vantier and Feldman, 1993). 
1.4 T H E DETERMINATION O F PHOSPHORUS 
In order to provide quantitative data to ground truth empirical models, to monitor 
compliance with legislation and to assess environmental impacts, it is necessary to use 
robust analytical techniques with the required accuracy, precision and detection limit. 
1.4.1 OPERATIONALLY DEFINED PHOSPHORUS FRACTIONS 
As described in section 1.1.2, natural waters contain a mixture of phosphorus species. 
Operationally defined or analytically determined fractions of one or more pure compounds 
in combination have thus been relied upon. Such operationally defined fractions are 
classified in terms of filtration and chemical methodologies. By definition, filtration 
through a 0.45 ^m membrane filter separates the dissolved portion of phosphorus from the 
retained particulate matter (Maher and Woo, 1998). However, problems arise when 
laboratories use different size filters and phosphorus has been shown to be associated with 
particles < 0.45 jim (Haygarth and Sharpley, 2000). In addition, colloidal matter may not 
be clearly separated and could be present in both the particulate and dissolved fractions. 
Chapter 3, section 3.1.2 discusses the problems associated with filtration in greater detail. 
This thesis uses the terms filterable and particulate for the two fractions. Figure 1.3 lists 
the operationally defined phosphorus fractions measured in natural waters. Phosphorus 
compounds which form phosphomolybdate when mixed with acidic molybdate are termed 
reactive (see section 1.4.2 for reaction). The most commonly analysed species are total 
phosphorus (TP), total reactive phosphorus (TRP), filterable reactive phosphorus (FRP) 
and total filterable phosphorus (TFP). TP is a measure of both filterable and particulate 
fractions. In addition to orthophosphate the filterable fraction consists of compounds such 
as condensed inorganic phosphates (e.g. pyrophosphate and tripolyphosphate), organic 
condensed phosphates (e.g. nucleic acids, phospholipids and phosphoproteins) and 
colloidal sized phosphorus species including those associated with humic substances 
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(Broberg and Persson, 1988). The particulate fraction can consist of mineral (e.g. 
hydroxyapatite, and fluroapatite) and mixed phase forms (e g. metal hydroxide-P. clay-P 
and clay-org P). In addition, some condensed forms, e.g. polyphosphates, will also be 
retained in the unreactive phosphorus fraction. 
Water 
Non-Filtered Filtered (0.45^im) 
Digestion Digestion 
Total Reactive P Filterable Reactive P 
(TRP) (FRP) 
Total Phosphorus 
(TP) Total Filterable (TFP) 
Figure 1.3 Operationally denned phosphorus fractions in natural waters 
(modified from Maher and Woo, 1998). 
1.4.2 SPECTROPHOTOMETRIC DETERMINATION OF PHOSPHORUS 
Several methods have been developed (Table 1.2) which are capable o f separating well-
defined phosphorus species including atomic spectrometry (Broberg and Pettersson, 1988; 
Crompton, 1992), chromatography (Halliwell ei a/., 1996; Colina and Gardiner. 1999; 
Vorob'eva and Gurskii, 2000) and electroanalytical techniques (Coetzee and Gardner, 
1986 and Davey et a/., 1990). Spectrophotometry offers several advantages over such 
methods in that it allows for a v^der range of analytes to be determined (Robards e/ al., 
1994), and, when coupled with techniques such as flow injection analysis (section 1.4.3), 
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lends itself to in situ environmental monitoring (McKelvie et al., 1995; Hanrahan et a/., 
2001a). 
The majority of analytical methods for the determination of phosphate are 
spectrophotometric and based on the formation of 12-molybdophosphoric acid from 
phosphate and molybdate in acid solution and subsequent reduction by either ascorbic acid 
or tin(II) chloride with antimony as a catalyst to a blue heteropoly phosphomolybdenum 
compound first described by Murphy and Riley (1962). 
P04^ + 12 Mo04^' + 27 PT ^ H3PO4 (Mo03)i2 + 12 H2O 
H3PO4 (Mo03)i2 ^ Phosphomolybdenum blue Mo(V) 
There have been several modifications of the original method and examination of the 
literature reveals a range of molybdate and antimony concentrations, pH and reductants. 
Studies have shown that changes in the hydrogen ion [ I f ^ and molybdate [Mo] 
concentrations play key roles in the formation of the heteropoly compound (Crouch and 
Malmstadt, 1967; Drummond and Maher. 1995). Ascorbic acid with an antimony tartrate 
catalyst is generally the preferred method in the reduction step (Broberg and Pettersson, 
1988). Tin(II) chloride as a reductant has been shown to be temperature-dependent, have 
unstable colour formation and suffers from As04'*" and Cu^^ interference (Ron Vaz et a/., 
1992). However, others have reported that tin(II) chloride allows higher sensitivity due to 
faster reaction kinetics (Janse et a/., 1983; Pauer et al., 1988). Other interferences in the 
determination of phosphate by the molybdenum blue method include Ca^\ Fe^^ Si02 and 
organic ions such as acetate, citrate and oxalate (Ciavatta, 1990). Studies have also shown 
that spectrophotometric determination can overestimate the concentration of 
orthophosphate as a result of the hydrolysis of labile organic phosphates (Chamberlain and 
Shapiro, 1969; Broberg and Pettersson, 1988). 
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Table 1.2 Techniques for the determination of phosphorus in natural waters. 
Technique Species 
detected 
Detection 
limit ( f j M ) 
Comments References 
Enzymatic with 
spectrophotometric detection 
FRP 0.16 Reaction of FRP with glyceraldehyde-3-
phosphateto produce 1,3-diglycerophosphate. 
Spectophotometrically detected as formazin 
and used as a measure of FRP. 
Stevens, 1979 
Voltammetry FRP 0.29 Differential-pulse polarographic detection. 
Catalytic reduction of perchlorate or nitrate 
by solvent extracted phosphomoiybdate. 
Rights/a/.. 1982 
High-performance liquid 
chromatography (HPLC) 
H2PO4 24 Determination of hypozanthine produced by 
nucleoside phosphorylase catalysed reaction 
of phosphate with inosine. 
Morgan and Danielson, 1983 
Flow injection analysis (FIA) 
with spectrophotometric 
detection 
FRP 0.40 LED detection. Dual photometric detector. Worsfold^/a/., 1987 
Inductively coupled plasma 
mass spectrometry (ICP-MS) 
FRP 0.26 Liquid chromatographic separation of model 
phosphorus compounds. 
Jiang and Houk, 1988 
Inductively coupled plasma 
atomic emission spectrometry 
aCP-AES) 
TP 16 Sample (200^1) introduced by FIA mode. Manzoori et a!., 1990 
Ion chromatography (IC) 
coupled with FIA 
FRP 0.32 Indirect UV detection. Halliwell etal, 1996 
Flow injection analysis (FIA) FRP 0.67 In situ monitoring system employing a 
miniature CCD spectrometer. 
Hanrahan et a/., 2001a 
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1.4.3 FLOW INJECTION ANALYSIS 
During the last twenty-five years, several rapid, automatic methods for phosphorus 
determination have been developed. One such method, flow injection analysis (FIA), 
allows high sample throughput rates at low concentradoos required for automated 
monitoring with the accuracy, precision, sensitivity and selectivity of laboratory based 
methods(WorsfoId6/a/., 1987; McKelviee/a/., 1997). 
a) PRINCffLES 
Flow injection analysis is the injection of a liquid sample into a moving non-segmented 
carrier stream of a suitable liquid. The sample injected forms a zone, which is transported 
through narrow-bore tubing (typically PTFE, 0.5-0.8 nmi i.d.) toward a d^ector that 
continuously records the absorbance, electrode potential, or other physical parameters as it 
changes due to the passage of the sample material through the flow cell (Ruzicka and 
Hansen, 1975). A schematic representation of a simple FIA manifold is shown in Figure 
1.4. The basic setup is comprised o f a pumping unit, which propels the carrier stream 
through the narrow tube; an injection port, by which a well-defined amount of sample is 
injected into the carrier stream; a reaction coil where the sample zone reacts with 
components of the sample stream; and a flow-through detector (e.g. spectrophotometer). 
Pump 
Sample 
Carrier 
Injection valve Reaction coil 
Waste 
Figure 1.4 Schematic of a basic FIA manifold setup. 
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The detected response output has the form of a sharp peak as shown in Figure 1.5, where 
the height (H) and area (A) are related to deteminand concentration. The time between 
sample injection (S) and the maximum height of the peak (H) is termed the residence time 
(T), during which the actual chemical reaction takes place. A well-designed FIA system 
will yield a readout typically within 15 - 60 s from the time of sample injection. Likewise, 
it takes approximately the same time for the dispersed sample zone to clear the detector so 
the next sample can be injected. This high sample throughput leads to analysis rates of 
upwards of 120 samples h'* using as little as 30 | i l of sample and less than 1 mL of reagent 
per analysis. 
Figure L5 Typical F I detection response output: S is sample injection; W is peak 
width; A is peak area; H is peak height and T is residence time (from 
David, 1996). 
FIA is based on the direct combination o f three principles: sample injection, controlled 
dispersion of the injected sample zone and timing that is reproducible. Sample injection 
provides a well-defined point for initial concentration (C^ and startup time in such a way 
that the movement of this stream is not disturbed. I f scanned by a detector, it would give a 
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square signal, the height of which would be directly proportional to the sample 
concentration. As the injected zone advances, it broadens, forming a dispersed profile as it 
moves downstream and changes from an asymmetrical to a more symmetrical shape 
(although never becoming completely symmetrical in real systems). This continuum 
(Figure 1.6) of concentrations can be viewed as being composed of individual elements of 
fluid, each having a certain concentration, C. I f the readout is based on peak maximum, 
the concentration within the element of fluid which corresponds to the maximum of 
recorded curve ( C ° ^ must be considered. It is controlled dispersion that results in a well-
defined dilution of the injected solution. 
Figure 1.6 Dispersion of injected solution in FIA. 
The dispersion coefficient, D, is defined as the ratio of concentrations of sample material 
before and after the dispersion process (Ruzicka, 1983). 
D = C7C 
For any readout, e.g. i f D = 2. the injected solution has been diluted 1:1 with the carrier 
stream. Dispersion can be conveniently categorised as limited (D = 1 - 3), medium (D = 3 
- 10) and high (D > 10). Limited dispersion can be obtained by minimising the distance 
between the injector and detector and is used in studies involving inherent pH and 
conductivity measurements (i.e. no chemical reaction) and for automated sample 
introduction into atomic absorption or ICP instrximents. I f one or more chemical reactions, 
e.g. for colour formation are required, a medium dispersion of the sample zone is needed to 
allow sufficient mixing and reaction time. Medium dispersion, used in the majority of 
reagent based techniques, is obtained by inserting a mixing coil between the injector and 
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detector. Large dispersion, used for highly concentrated samples and in titrations, is 
obtained by injecting a small sample volume into a manifold incorporating a large mixing 
coil between the injector and detector 
b) EFFECTS OF SAMPLE VOLUME ON PEAK SHAPE 
Sample volume is a critical parameter and has a marked effect on peak shape (Betteridge, 
1978; Ruzicka and Hansen, 1978) with the height of individual peaks increasing with 
increased volume of sample injected until a steady state is reached. The term S^ refers to 
the volume of sample solution necessary to reach 50 % of the steady state value, 
corresponding to D = 2. The injection of two S^^ volumes results in 75 % o f 
corresponding to D = 1.33. Further increases of five and seven Sw volumes results in D 
values of 1.03 and 1.008, respectively. 
c) EFFECT OF TUBE LENGTH, FLOW RATE AND T I M I N G ON PEAK 
SHAPE 
Coil length (L) and inner diameter of the tubing (typically 0.5 - 0.8 mm id PTFE) also play 
important roles in the dispersion process (Ruzicka and Hansen, 1988). The use of small 
diameter tubing will result in lower S^ values owing to the same volume of sample 
occupying a longer length of tube, resulting in restricted contact with the carrier stream 
with less mixing. Internal diameters of 0.5 mm are typically used, although 0.3 mm and 
0.80 mm id are useful for systems with limited and large dispersions, respectively. Short, 
coiled or knitted tubing is preferred to promote proper mixing (Ruzicka and Hansen, 
1984). This results in a more symmetrical, higher and narrower peak. The tighter the 
coiling or knotting, the more pronounced this effect. In addition, coiled tubes can 
accommodate any length of tubing in an experimental set-up. The effectiveness of various 
mixing geometries is shown in Figure 1.7. The residence time will depend on tube length, 
tube diameter and the flow rate. During limited dispersion, for example, flow rates and 
tube length should be small with minimum typical values: Si4 = 28 ^iL; flow rate = 0.5 mL 
min'*; tube length = 22 cm and tube diameter = 0.4 mm (Ruzicka and Hansen, 1978). In 
medium dispersion, it may be required to lengthen the tube or decrease flow rates in 
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order to increase residence time. The dispersion of the sample zone as it travels through 
the tube increases with increased flow rate, but only with the square root of the travelled 
distance or of the residence time. 
0.5 
A 
0.25 
s 
1 
2 
D 
8 
tor Scan ^ 
Figure 1.7 Dye dispersion injected as a sample zone into columns with 
different configurations. A = straight tube; B = coiled tube; 
C = knotted tube and D = SBSR reactor - single bead string 
reactor (Ruzicka and Hansen, 1988) 
d) APPUCATIONS 
Flow injection analysis provides a low cost, robust system with low reagent consumption 
and has the potential for long-term unattended use and high temporal resolution, which is 
needed for monitoring e.g. storm events in the field (see section 1.6). The earliest 
applications of FIA were developed for the determination of phosphate (Ruzicka and 
Hansen, 1975; Ruzicka and Stewart, 1975) and have since been adapted for natural and 
wastewater with a variety of detection techniques (Table 1.3). In addition, the versatility 
of FTA has allowed the method to be adapted to such application areas as clinical and 
pharmaceutical (Luque de Castro and Valcarcel, 1989) and food analysis (Fang, 1986). In 
general, FIA is a versatile technique allowing the method to be adapted to different 
detection systems v^th numerous manifold configurations (Figure 1.8). Such systems can 
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Table 1.3 FIA methods for the determination of phosphorus species in natural waters. 
Technique Species 
detected 
Detection 
limit* 
Comments References 
' ' ' ' " ' 
Photometric PO4-P LED photometric detector. Worsfold etaL, 1987 
Photometric PO4-P 0.05 mg L ' LED photometric detector; applied to wastewater. Benson etal., 1996 
Amperometric TP 0.1 mgL ' Microwave decomposition with subsequent 
amperometric detection. 
Hinkamp and Schwedt, 1990 
Spectrophotometric PO4-P 5^iM Flow injection analysis with on-line column 
separation. 
Narusawa, 1988 
Spectrophotometric PO4-P 0.01 mgL ' Measurements based on ion-pairs fomied between 
molybdic acids and Rhodamine B. 
Mdse/fl/., 1991 
Spectrophotometric PO4-P Reversed flow injection manifold applied to 
estuarine waters. 
Auflitschern/., 1997 
Spectrophotometric DOP 7MgL-* Measurement of DOP in soil leachates and runoff 
waters by flow injection analysis with on-line 
photo-oxidation. 
?eatetai., 1997 
Spectrophotometric PO4-P 0.67 ^iM In situ monitor incorporating a miniature diode 
array detector. 
Hanrahan^/ a/., 2001a 
* As reported in original paper. 
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be designed to incorporate in-line filtration, photochemical oxidation, dialysis and 
techniques to preconcentrate the analyte. 
1.5 UV-VISIBLE SPECTROPHOTOMETRY 
Table 1.3 showed that spectrophotometry is the most common form of detection for 
phosphorus in flow injection systems. This branch of molecular spectroscopy involves the 
absorption of near ultraviolet (180-390 nm) or visible (390-780 nm) electromagnetic 
radiation by molecules. Beer's law states that the absorbance depends on the total amount 
of the absorbing species in the radiation path through the cell, and the absorption is 
effected by both the concentration and the pathlength: 
A = €cl Equation 1.2 
where A = measured absorbance, e = molar absorptivity (a proportionality constant) (cm * 
mol"* L), c = concentration (moles L"') and / = pathlength (cm). An energy diagram 
illustrating energy changes associated with absorption of electromagnetic radiation is 
shown in Figure 1.9. Absorption of radiation involves raising the molecule to a higher 
energy level with the increase in energy being equal to the energy o f the absorbed 
radiation. The energy difference between the electronic energy levels can be represented 
by the following equation: 
AE = hv Equation 1.3 
where AE is the change in internal energy and hv equals the energy o f the absorbed 
radiation. I f only electronic energy level transitions were involved in the UVA^isible 
spectra, very narrow absorption bands would occur. However, most spectra are actually 
very broad band (20-30 nm) as changes in electronic energy are accompanied by rotational 
(low energy, far infi-ared) and vibrational (near infi"ared) energy changes. 
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Figure 1.8 Examples of FIA manifold configurations. 
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Figure 1.9 Energy level diagram and energy changes associated with 
absorption of dectromagnetic radiation: A - rotational; B -
rotational-vibrational; C - rotational-vibrational-eiectronic 
(from Christian, 1994). 
1.5.1 RADIATION SOURCES 
Sources of radiation in absorption spectrophotometry have two basic requirements: (1) 
sufficient radiant energy over the wavelength region of interest and (2) a constant intensity 
over the time interval during which measurements are made. There are two sources 
generally used to cover the UV-visible range: deuterium and tungsten lamps. 
Deuterium (or hydrogen) lamps are used as source with strong intensity in the UV region 
and useful intensity in the Visible region. The light is produced by an electric arc struck in 
a deuterium (Dj) - doped atmosphere. Overall, such lamps have low noise characteristics 
and will typically have a half-life of around 1000 h. The tungsten-halogen source is used 
for measurements in part o f the UV and the whole of the Visible range. It also has very 
low noise and low drift with a typical half-life of 10,000 h. 
The use of light emitting diodes (LEDs) as radiation sources is a recent trend in 
spectrophotometric measurement and provides an inexpensive and easily available source 
which can span the visible to near infrared range. LEDs, small in size, lightweight and 
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efficient, were first used in optical visible photometry in 1973 (Flaschka et ai, 1973) and 
have since been used in FIA applications (Worsfold et a/., 1987; Trojanowicz et a/., 1990). 
1.5.2 DETECTORS 
Two main types of detector are currently used in UV-Visible spectrophotometers: 
photomultiplier tubes and photodiodes. The photomultiplier tube requires a high voltage 
supply and combines signal conversion with multiple stages of amplification within the 
body of the tube. Photomultipliers can respond over the range of 190 - 950 nm and have 
high sensitivity at low light levels. Photodiodes are increasingly being used as alternative 
detectors in low cost instruments. In principle, light falls on the semiconductor material of 
a photodiode allowing electrons to flow through, thereby depleting the charge in a 
capacitor connected across it. The amount of charge needed to recharge the capacitor is 
proportional to the intensity of the light. Due to their solid state nature, they are more 
robust, require lower voltage and have greater dynamic range than photomultiplier tubes. 
Diode arrays are assemblies o f individual photodiodes in a linear array. Typically, 
photodiode arrays consist of 1024 photodiode elements with read-out electronics included 
on the silicon chip. Each element (15 - 50 (im) is associated with a particular waveband in 
the spectrum. A complete spectrum can be obtained in as little as O.I s by electronic 
scanning of a shift register through all the individual elements of the array. The optical 
bench of a diode-array is shown in Figure 1.10. This set-up uses a reverse optics 
configuration with the dispersion device coming after the sample. Light is focussed onto 
the sample and the transmitted light passes into a polychromator impinging on the surface 
of the reflection grating. The grating is angular in nature and allows spectral dispersion of 
the incident light and dispersed radiation across the array. This type of configuration is 
advantageous in that only light travelling along the axis from source to inlet slit before the 
dispersion device can reach the detector, thus preventing interference from ambient light. 
The use of diode-array detection is becoming increasingly popular in the analytical 
sciences. Dunne (1999) used a reverse optic diode array design for the spectrophotometric 
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determination of chlorophyll pigments. Hostetler and Thurman (2000) used HPLC 
coupled with diode-array detection to determine chloroacetanilide h ^ i c i d e metabolites in 
Photodiode array 
Source 
Focussing lens 
Flow cell 
Grating 
Figure 1.10 Optical path of a diode-array detector. 
water. In addition, FIA with diode-array detection has recently been used to measure 
nitrate and phosphate in the River Frome (Coles et a/., 2000; Hanrahan, 2001a). As 
mentioned, spectral data can be obtained in milliseconds. This fast spectral acquisition 
allows several spectra to be acquired and averaged, thus enhancing signal-to-noise ratio. 
Internal referencing, performed by subtracting the absorbance of the baseline fi-om the 
absorbance at the analytical wavelength, compensates for any wavelength-independent 
errors. In addition, diode array spectrophotometry has good short and long term 
reproducibility and high sensitivity. Charge-coupled devices (CCDs) are composed o f one 
or two-dimensional array of photosensors. Like diode-array detectors, CCDs come in a 
semiconductor (silicon chip) package. However, the readout mechanism differs from 
photodiode-arrays. On a CCD, each pixel is overlaid with a small voltage carrying element 
known as an electrode. During illumination of the chip, charge accumulates in the pixel. A 
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sequence of voltages is applied across the electrodes to move the charge row by row down 
the vertical dimension of the chip and into a shift register at the bottom of the array. This 
charge is then moved across the shift register to the output node where it is converted to a 
digital form for processing. Like diode-array detectors, CCDs have fast spectral 
acquisition, reliability and high sensitivity. Such devices were initially developed for use in 
low-level light determinations (e.g. imaging and astronomy). In 1992, a miniature 
spectrometer employing two 1024-linear CCD arrays became commercially available. This 
spectrometer, an Ocean Optics PSD-1000, is described in greater detail below. 
1.6 MINIATURISED INSTRUMENTATION AND F I E L D 
APPLICATIONS 
As discussed above, reliable data is essential for monitoring and modelling phosphorus 
loading into surface waters, especially in regards to the process of eutrophication. 
Phosphorus levels have typically been measured in the laboratory after the collection of 
discrete samples from a particular study area. However, due to problems associated with 
sample collection and storage, sample integrity may be jeopardised (see Chapter 3). This, 
in turn, creates a need for field instrumentation. Like their laboratory-based counterparts, 
field instruments are becoming powerftil tools in analytical science, especially in 
environmental applications (Worsfold et al., 1987; McKelvie et a/., 1997). They combine 
miniaturised electronic, mechanical and optical components with the portability necessary 
for field applications. As stated in section 1.5.2, the Ocean Optics PSD-1000 miniature 
spectrometer became commercially available in 1992. The portable size and weight of this 
spectrometer (approx. 150 x 140 x 60 mm) has allowed it to be adapted to most types o f 
applications including industrial, process, control, medical and environmental monitoring. 
The Ocean Optics PSD-1000 spectrometer has recently been used in the detection of 
nitrogen and phosphorus status in Bermuda grass (Sembiring, 1998) and for the in situ 
measurement of spectral fluorescence and reflectance o f benthic marine organisms and 
substrates (NASA 2001). Other miniaturised spectrometers have been reported including a 
tungsten coil atomic absorption spectrometer used to detect cadmium in stream waters 
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(Batchelor et ai., 1998). The integration of microelectronics has enabled expansion of the 
scope of the application of UV-Visible spectrophotometry by improving its analytical 
performance, e.g. reduced noise and drifi. The use of optical fibres has added to the 
portability and analytical performance of field based spectrophotometers. There are two 
types of optical fibres, glass and plastic, with plastic reported generally inferior to glass in 
both optical transmission properties and long-term reliability (Takada and Masuno, 1986). 
By coupling FIA with detection methods such as spectrophotometry, analytical procedures 
become simple and rapid techniques of analysis, allowing reactions to be carried out on a 
limited time basis. 
1.7 R E S E A R C H AIMS AND O B J E C T I V E S 
The overall aim of the research was to develop a portable, fiilly automated FI monitor 
incorporating a miniature diode array spectrophotometer for the determination of 
phosphorus in the River Frome, Dorset. The resultant temporal, high-resolution database 
was to be integrated with an empirical export coefficient model to predict the overall 
phosphorus loading in the Frome catchment. 
Specific objectives were: 
1. To develop an export coefficient model to predict phosphorus loading fi'om point and 
diffijse sources in the River Frome catchment on an annual and seasonal (monthly) 
basis. 
2. To examine sample storage techniques for the determination of nutrients in natural 
waters v^th contrasting matrix compositions. In addition, to compare late winter and 
early autumn samples (fi'om the same sites) to assess the effixts of seasonal variations. 
3. To modify, optimise and fully automate a field based nitrate FI monitor for the 
determination of FRP and obtain FRP data from the River Frome in different seasonal 
conditions. 
4. To integrate the resultant phosphorus database with the export coefficient model (from 
1 above) to predict annual and seasonal phosphorus loading in the Frome catchment. 
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CHAPTER TWO 
Export Coefficient Model 
2.1 INTRODUCTION 
Phosphorus, transported via a wide range of point and diffuse sources, is known to affect 
the overall quality of river systems. Land use, particularly agriculture, is considered to be a 
significant diffuse source of phosphorus export from catchments (Dillon and Kirchner, 
1975). The major point sources are sewage and industrial discharges, which also contribute 
to overall phosphorus export in the UK (Muscutt and Withers, 1996). Cumulatively, 
phosphorus export (loading to the catchment) can result in eutrophication, sometimes 
leading to an increase in biomass and primary productivity within aquatic communities 
(Moss, 1996; Young e/a/., 1999). 
An appraisal of water quality is needed before management practices which minimise the 
likelihood of eutrophication are implemented. Assessment has traditionally involved a 
physical approach that considers real time changes based on contemporary measurements 
and small-scale plot size (Moss et a/., 1996). As discussed in Chapter 1, numerous models, 
both physically based and empirical, have been designed to assess nutrients and their 
delivery to receiving waters. The export coefficient model has proven to be a simple but 
effective model in predicting phosphorus loading from point and diffuse sources. 
Section 1.4.1 discusses the operationally defined fractions of phosphorus in aquatic 
systems. TP is a measure of total dissolved plus particulate phosphorus and has been 
proposed as a useful predictor of mean chlorophyll concentrations in streams (Van 
Niewenhuyse and Jones, 1996). FRP, however, is the phosphorus fraction considered to be 
most readily available for algal and macrophyte growth (Reynolds, 1984), and is important 
in relation to the management of eutrophication. Traditionally, TP has been used in most 
mode! calculations, mainly because of problems associated with measuring FRP caused by 
its rapid exchange with particulate matter. In this work, TP is used for the export 
coefficient model and the exchange between phosphorus fractions during export is not 
considered. However, the dynamics of sediment-water exchange during transport may 
well affect seasonal exports. 
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This chapter examines the hypothesis that the export coefficient modelling approach can be 
used to predict TP loading in the River Frome catchment on both an annual and a seasonal 
(monthly) basis. Annual and seasonal predicted model values are compared with observed 
concentrations based on historical phosphorus and river discharge data. The model is used 
to assess the impact of changes to the treatment of sewage resulting from European Union 
wastewater directives. Both FRP and TP are examined to assess trends in the FRP/TP ratio 
and to ascertain the suitability o f using TP in riverine systems to gain information on FRP 
distributions. 
2.2 E X P E R I M E N T A L 
2.2.1 STUDY SITE 
The River Frome starts on the North Dorset Downs near Evershot and flows into Poole 
Harbour in the south-west of the UK (Figure 2.1). The most important geological 
formation is chalk, which comprises nearly 50 % of the 41.429 ha catchment (Casey and 
Newton, 1973). The catchment has a braided network of channels, both naturally 
occurring and constructed for flood relief The soils are shallow and well drained with a 
few areas of clay-influenced soils in the lower catchment. Land use in the catchment is 
predominately meadow / verge /semi-natural (31.0 % ) , tilled land (28.0 %) and mown / 
grazed turf (19.4%). 
The hydrology of the Frome catchment is dominated by an aquifer passing beneath the 
lower catchment and Poole Harbour (National Rivers Authority, 1995). The highest 
rainfall, up to 1100 mm yr *, occurs in the northern and south-western portions of the 
catchment. To the south and east, rainfall decreases with levels ranging between 850 and 
950 mm yr'V Mean monthly rainfall values over the entire catchment for 1987-1997 were 
59 mm for March-August and 104 mm for September-February. Mean daily river 
discharges from the Environment Agency gauging station at East Stoke (grid reference 
SY866867) for 1990-1997 were 5.60 m^ s"* for March-August and 7.45 m^ s"* for 
September-February. 
33 
Poole Harbour 
10 10 20 30 Kilometers 
Figure 2.1 The River Frome catchment, Dorset. 
2.2.2 DATA SOURCES 
Land cover data for the Frome catchment was provided by CEH, Monkswood as a subset 
of the Land Cover Map of Great Britain (LCMGB) The LCMGB was produced using 
supervised maximum likelihood classifications of Landsat Mapper data (Fuller et al, 
1994) and was based on a 25 m grid chronicling 25 land cover types The choice of classes 
was based on remote sensing data and ground and air surveys and numbering of classes 
reflects the time at which they were added to the classification. Animal statistics for the 
catchment were obtained from the Ministry of Agriculture, Fisheries and Food (MAFF) 
and based on the June 1998 census Daily river discharges and rainfall data for the River 
Frome at East Stoke were obtained from the Environment Agency, Exeter Sewage 
treatment works (STWs) and septic system population equivalents located within the 
catchment boundaries were obtained from Wessex Water, Poole Observed (measured) 
phosphorus data (3-5 times monthly) for the River Frome was obtained by CEH, Dorset 
(formerly the Institute of Freshwater Ecology). 
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2.2.3 GEOGRAPHICAL INFORMATION SYSTEM (GIS) 
The spatial distribution of land use in the Frome catchment (Figure 2 2) was produced by 
GIS (ARC/INFO version 6 6 1 - Environmental Systems Research Institute, Inc.) running 
on a UNIX workstation (Sun Systems, California, USA) Catchment boundary data for the 
River Frome upstream of East Stoke was derived and digitised ft-om data licensed from the 
Institute of Hydrology, Wallingford under agreement number 211 (Morris and Flavin, 
1990, Morris and Flavin, 1994) 
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Figure 2.2 Spatial distribution of land use in the River Frome catchment 
using GIS (see Appendix A for landcover descriptions in relation to 
GIS image). 
2.2.4 TP/FRP DETERMINATION 
Samples for TP determination were collected weekly from the River Frome at East Stoke 
from the water column at mid-stream/mid-depth by an autosampler (EPIC, model 1011), 
thoroughly mixed and analysed at CEH, Dorset according to the method of Eisenreich et 
al. (1975). TP was determined by first combining the sample of interest with 0.15 g ± 0.1 
g of acidic potassium persulphate and then autoclaving at 121 °C for 45 min. Samples 
were then reacted with ammonium molybdate reagent to form moiybdo-phosphoric acid 
which was reduced to a molybdenum blue complex and determined spectrophotometrically 
at 880 nm (Murphy and Riley, 1962). 
Samples for FRP determination were also collected weekly at East Stoke at mid-
stream/mid-depth and analysed on the day of sampling after filtration through a 0.45 pm 
cellulose nitrate membrane filter, using flow injection analysis incorporating the method of 
Tecator (Tecator, 1983). 
2.2.5 EXPORT COEFFICIENTS 
Export coefficients express the rate of loss of nutrients from each identifiable source, both 
point and diffuse. In terms of land use, export coefficients express the rate at which 
phosphorus is exported from each land use type present in the catchment. Phosphorus 
export coefficients for the Frome were selected from the literature (Johnes, 1996) on 
similar catchments in Southern England (Table 2.1). Key factors regarding the selection o f 
export coefficient values include basin geology, hydrological pathways and land 
management practices. Diffrjse exports wall be influenced by the application of organic 
animal waste and inorganic fertilisers to land, and knowledge of past land management 
practices is required in order to assign selective export coefficients. As this level of detail 
was not possible here, annual export coefficients were taken as constant for a particular 
land use. 
Table 2.2 lists the export coefficients for the different animal types and sewage population 
(human) equivalents from both STWs and private septic systems. For animals, export 
coefficients are derived from the proportion of phosphorus loss from wastes voided from 
stock houses and grazing land. The model assumes standard losses, e.g. 3.00 % for sheep, 
derived by Vollenweider (1968) as the mean value of "best-case" (1.00 %) and "worst-
case" (5.00 %) scenarios. Human export coefficients reflect the use of phosphate-rich 
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detergents and dietary factors and are adjusted to take account of primary and secondary 
sewage treatment or use of septic tanks (Johnes, 1996). 
Table 2.1 Phosphorus export coef!icients for ITE landcover types in the River 
Frame catchment 
ITE grid 
code 
Landcover type Export coefficient 
(kgha 'y r ' ) 
I Sea/Estuaiy 0.00 
2 Inland water 0.00 
3 Beach and Coastal bare 0.00 
4 Saltmarsh 0.00 
5 Grass heath 0.02 
6 Mown / Grazed tuif 0.20 
7 Meadow / Veige / Semi-natural 0.20 
8 Rough / Marsh grass 0.02 
12 Bracken 0.02 
13 Dense shrub heath 0.02 
14 Scrub / Orchard 0.02 
15 Deciduous woodland 0.02 
16 Coniferous woodland 0.02 
18 TiUed land 0.66 
20 Suburban / Rural development 0.83 
21 Continuous urban 0.83 
22 Inland bare ground 0.70 
24 Lowland bog 0.00 
25 Open shrub heath 0.02 
Unclassified 0.48 
37 
Table 2.2 Phosphorus export coefficients for animal types and sewage 
population equivalents. 
C; V - Export coefficients 1 • 
Animals: Catde 6.9 g head-'yr ' 
Horses 4.4 g head ' yr'' 
Pigs 20.0 g head-V' 
Sheep 4.4 g head"' yr * 
Humans: STWs 0.38kgca"'yr'' 
Septic systems 0.24 kg ca * yr-' 
2.2.6 MODEL PROCEDURE 
The general equation for annual phosphorus loading used in this study (Johnes, 1996) was: 
= Z ("^^ ^ Equation 2.1 
where PL is the TP load into the catchment; A is the area (hectares^ of land type within the 
catchment /, or number of animal types /, or sewage population equivalents (P.E.) i ; Ei is 
the annual export coefficient for each source /' (kg ha"* yr"* (land types), kg ca"' yr"* 
(population equivalents) and g head"' yr'' (animal)). For land use and humans, coefficients 
were simply multiplied by each particular land type and sewage population equivalents 
(STWs and private septic systems). For animals the total phosphorus load was determined 
from the quantity of waste produced (kg) per kg of live animal weight (Vollenweider, 
1968), the total livestock population and the animal export coefficients for phosphorus. 
Seasonal TP loading from land use in the catchment was estimated using the equation from 
May e/a£ (2001): 
Y^^A Equation 2.2 
where Ej is the total phosphorus load per month (j). / denotes the landcover type, Ai is the 
area of each landcover type, Ei is the annual export for the /-th landcover type, g | is the 
38 
discharge of water from the catchment during month J, Bj is the discharge of water from 
baseflow during the month 7, Qr is the annual discharge of water and BT is the annual 
contribution of baseflow with a fixed phosphorus concentration of Cb-
2,3 RESULTS AND DISCUSSION 
2.3.1 ANNUAL EXPORTS OF TP 
The annual observed TP load for 1998 (23,400 kg yr'*) at East Stoke was calculated by 
multiplying the mean daily discharge for a given sampling date by the TP concentration 
measured on that date. Due to the variation in time interval between measurements (3-5 
times monthly), the observed annual load was obtained by using the following equation 
(Clasper, 1999): 
/ = ( Z A / / / Z A / ) • 365 Equation 2.3 
where are the sum of loads calculated for each time interval, divided by £ A / (sum 
time interval) and multiplied by 365 (days). 
2.3.2 MODELLED ANNUAL TP LOADS 
(a) LAND USE 
The modelled annual TP loading from both point and diffuse sources for 1998 was 
calculated to be 25,605 kg yr"*. Land use was the primary factor, with diffuse sources 
contributing the greatest amount at 14,085 kg yr *. This is not surprising since the 
cultivation of crops and the subsequent addition of fertilisers has increased markedly in the 
UK since 1970 (Johnes, 1996). In the United States between 1945 and 1993, the use of 
phosphorus containing fertilisers increased from 0.5 million to nearly 1.8 million metric 
tonnes per year (Komecki e/ al., 1999). Table 2.3 lists the landcover types in terms of % 
area of the catchment and individual contributions of TP (kg yr**). As shown, tilled land 
(7,666 kg yr *), meadow / verge / semi-natural (2,562 kg yr'*), mown / grazed turf (1,611 
kg yr"') and suburban/rural development (1,486 kg yr' ') accounted for the majority of the 
delivered TP to the River Frome catchment. Other studies have shown that catchments 
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with intensive agriculture (tilled land) export high levels of phosphorus. Ahl (1972) 
reported a total phosphorus export of 9,200 kg yr"' from an intensively farmed catchment, 
nearly two times higher than catchments dominated by forestland. Gtchter and Furrer 
(1972) compared phosphorus export from agricultural watersheds in the Lower Alps and 
Swiss lowlands with forested catchments in the same region. Results showed that there 
was at least a 10-fold ina^ase o f phosphoixis export in agricultural dominated catchments. 
A study of thirty-four catchments in Southern Ontario (Dillon and Kirchner, 1975) found, 
in general, higher phosphorus exports from f o r c e d catchments containing some 
agricultural activities compared with those that were predominately forested. In addition, 
studies torn the United States (Sonzogni and Lee, 1972; Sonzogni et a/., 1980) have 
reported high levels of phosphorus export from catchments with a high intensity o f tilled 
land. 
Table 23 I T E landcover types and tbeir contribution of phosphonis in the River 
Frome catchment 
.%~af catcfanaent''. 
Sea /Estuaiy 0.00 0 
Inland water 0.02 0 
Beach and Coastal bare 0.00 0 
Saltmarsh 0.00 0 
Grass heath 1.27 10.5 
Mown / Grazed tmf 19.4 1611 
Meadow / Ver^ ge / Semi-aatural 31.0 2563 
Rou^ / Marsh grass 0.98 8.10 
Bracken 0.0005 0.004 
Dense shrub heath 0.50 4.22 
Scrub / Orchard 0.92 7.64 
Deciduous woodland 7.37 61.0 
Coniferous woodland 2.64 21.9 
UDed land 28.0 7666 
&iburban / Rural development 4.32 1486 
Continuous urban 0.19 65.8 
Inland bare ground 0.52 151 
Lowlaitd bog 0.10 0 
Open dmib heath 0.63 5.22 
Unclassified 2.13 424 
Total 100 14,085 
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(b) ANIMALS AND HUMANS 
Table 2.4 lists the results o f the modelled animal and human exports. There were 8 STWs: 
Dorchester, Wool, Bradford Peverell, Warmwell, Maiden Newton, Broadmayne. 
Tollerporcorum and Evershot located within the catchment boundaries accounting for a 
total of 8,869 kg P yr*' (Table 2.4). There were an additional 5,548 P.E on private septic 
systems throughout, accounting for an annual contribution of 10,200 kg yr ' (8869 kg yr \ 
STWs; 1,331 kg yr**, septic systems). The remaining 1.320 kg yr ' arose from the four 
animal types (pigs = 713, cattle = 330, sheep = 250, horses = 28). 
Table 2.4 Phosphorus export from STWs and animals in the River Frome 
catchment 
STWs/Animal types Population 
equivalents (P.E.)/Number of 
animals 
Export 
(kgPyr ' ) 
Dorchester 13,007 4,943 • 
Wool 5,001 1.900 
Bradford Peverell 1,600 608 
Warm well 1,410 536 
Maiden Newton 1,005 382 
Broadmayne 860 326 
ToUerporconun 250 95 
Evershot 210 79 
Total 2 3 ^ 8,869 
Pigs 35,585 713 
CatUe 48,000 330* 
Sheep 56,599 250 
Horses 640 28 
Total 140,824 1^20 
• Sample Calculation (Humans): Dorchester STW 
13,007 P.E. X 0.38 kg ca ' yr * = 4,943 kg P 
* Sample Calculation (Animals): 48,000 cattle 
48,000 X 450 kg cattle * = 21,600,000 kg total live cattle weight 
21,600,000 kg/1000' X 17 = 367,200 kg manure produced 
367,200 kg/lOOO** x 0.9 = 330 kg P 
' Quantities of excrement produced by catde in kg/1000 kg live weight yr"'; broken down into dry 
weight (17 kg/1000 kg). 
^ Composition of manure (phosphoriis content) from cattle in kg/1000 kg manure; solid = 0.8, 
liquid = 0.1 (total = 0.9). 
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2.3.3 SEASONAL CHANGES I N TP CONCENTRATIONS 
Annual exports o f TP are not always the best predictors of whether an ecosystem will be 
highly productive in terms of biomass or not (Reckhow and Simpson, 1980; Bock e/ al., 
1999). Thus, assessing seasonal trends of TP and the relationship between TP and FRP 
within the catchment are important because large proportions of TP are delivered during 
periods of high discharge (Haygarth ei a/., 1998), and FRP is the fraction of TP most 
readily available for uptake by aquatic plants. In this study, the highest TP and FRP 
concentrations occurred at the highest river discharge in the autumn of 1998 (Figure 2.3). 
Regression analysis o f TP concentration versus discharge (Figure 2.4) from 1990-1998 
illustrates this pattern, with a significant relationship (r^ = 0.68) and the highest 
concentrations of TP occurring at the highest discharge. In another extended study 
covering eight years, Ulen (1998) found that the twelve wettest months of this time period 
(representing 12.5 % of total time) contributed more than a third of the total phosphorus 
export to various Swedish catchments. Similar trends have been observed in other rivers 
and streams (Duffin Creek, Canada - Hill , 1981; Lakeland streams, UK - Lawlor ef al., 
1998; Dartmoor streams, UK - Rigler, 1979; Karkloof, Magalies, Vaal and Vet Rivers, 
South Africa - Meyer and Harris, 1991; Foron River, France - Dorioz e/ a/., 1998; and 
River Cherwell, UK - May el ai., 2001) where TP loads generally increased with 
increasing river discharge. 
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Figure 2.3 Seasonal time series plot of TP and FRP concentration and river 
discharge at East Stoke station on the River Frome (199(^1998). 
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Figure 2.4 TP concentration versus discbarge in the River Frome from 
1990-1998. 
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An examination of observed monthly TP concentrations for 1998 and for the extended time 
period of 1990-1997 was und^takei (Figure 2.5). Results for 1998 revealed elevated 
values above the yearly mean (7.16 jiM) during January, March, June, August, September 
and December (7.58 - 8.14 nM). The extended time period o f 1990-1997 revealed greats 
seasonal differences. Values above the mean (7.58 i^M) were observed during January, 
June and August-December (8.23 - 9.78 \JM), with September recording the highest mean 
monthly value. April showed the lowest mean monthly value (5.52 \JM). 
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Figure 2.5 Observed monthly TP concentrations in the River Frome 
(199(^1998). Error bars = 3s. 
2,3.4 SEASONAL CHANGES I N FRP CONCENTRATIONS 
Observed FRP data v m also examined for seasonal Uends for the period 1990-1997. 
Results showed a similar trend as that for TP, with the highest mean monthly values in 
September and October (5.68 piM). The lowest mean monthly value occurred in April 
(2.87 )iM). Seasonal trends for 1998 could not be assessed due to unavailability of data. 
Regression of FRP/TP ratios with corresponding river discharges (Figure 2.6) showed a 
correlation of 0.43. The highest mean FRP/TP ratio (0.71) corresponded with the highest 
mean discharge (8.40 m^ s"') in the month of January. April showed the lowest FRP/TP 
ratio (0.52) and a correspondingly low discharge of 4,24 m^ s\ This suggests that FRP is 
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not only controlled by the dilution of point inputs but that diffijse inputs are also 
particularly important during storm events. Similar trends in FRP/TP ratio were seen in 
the River Cherwell catchment in Oxfordshire with values ranging from 0.50-0.93 (May et 
a/., 2001). The latter value, slightly higher than the highest mean ratio (0.71) for the River 
Frome, was taken just below a major STW. 
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Figure 2.6 FRP/TP ratio versus river discharge in the River Frome (1990-1998). 
2.3.5 M O D E L L E D SEASONAL TP LOADING 
In order to predict monthly TP loading it was first necessary to determine baseflow water 
discharges, as they are an integral part of equation 2.2. This was done by averaging 
discharges for days subsequent to a period of at least 5 days of no rainfall. Baseflow 
discharges also showed a seasonal dependence with the highest mean monthly value 
recorded during January (7.83 m^ s"*). The lowest mean monthly value (1.08 m"* s"') 
occurred in September. 
Results for the prediction of monthly TP loading from equation (2.2) are shown in Figure 
2.7. In these calculations, the export coefficients from Table 2.1 were used, as these 
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provided the best annual estimate, along with annual TP inputs from both animal and 
human sources. Animal sources wa-e also caloilated using equation 2.2, whereas human 
sources were divided equally between the 12 months (833 kg month'*). The predicted 
results show a similar seasonal dependence to that for the observed 1998 data. December 
showed the highest monthly TP loading at 2,367 kg (including human/animal sources) with 
April recording the lowest loading at 1,778 kg. Large differences between observed and 
predicted phosphorus loadings were found for the months of February and May with 
predicted values 37 % and 24 %, respectively, greater than the observed values. For 
September, the predicted value was 14 % lower than the observed value. The annual level 
o f rainfall was 1003 mm with a mean monthly level o f 84 mm ao^oss the catchment. 
However, February and May recorded levels were above the mean at 119 mm and 153 
nam, respectively. 
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Figure 2.7 Predicted versus observed seasonal TP loading in the River Frome 
catchment (1998). 
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2.3.6 FRP/TP RATIO AND SEASONAL VARIATIONS 
In general, FRP and TP followed a similar seasonal trend but the FRP/TP ratio was not 
constant. Highest ratios were observed in the winter months, when river discharges were 
higher, while the lowest ratios occurred in the summer months. Internal processes play a 
major role in the uptake and release of phosphorus. During spring/summer, TP decrease 
can be explained by uptake by bottom sediments and biological uptake and, in the case of 
the River Frome, which is a chalk stream, there is a possibility of coprecipitation of 
phosphate with calcite (House et a/., 1986; Jansson, 1988). The opposite can occur in 
autumn/winter months, where release is attributed to dying plants and algae and re-
suspension of bottom sediments from increasing river discharge (Dorioz el aL, 1989; 
House ei ai., 1998). Knowledge of trends in TP loading could therefore provide useful 
information on the likely variability in FRP concentrations in the Frome catchment, at least 
on a monthly time scale. 
2.3.7 C A T C H M E N T COMPARISONS 
Regression analysis of TP loading from land use (kg yr"*) on catchment area (km^) for the 
Foron River, France (Dorioz et a/.. 1998) (83 km^ 5,400 kg yr'*), Frome (414 km^ 14,085 
kg yr'*)and five other UK river catchments (Johnes and Hodgkinson 1998): Slapton Ley 
(46 km^ 1,970 kg yr'*), Rybum (51 km^ 4,540 kg yr'*), Esk (72 kra^ 5,083 kg yr"*). 
Waver (104 km^ 8,400 kg yr"*) and Windnish (363 km^ 12,500 kg yr"*) showed a linear 
relationship, r^  = 0.946 (Figure 2.8). This is in agreement with reported data on 108 
catchments with similar land use (T.-Prairie and Kalff, 1986). This linear relationship 
between catchment export and area strongly suggests that phosphorus export can be 
estimated solely from land area. However, the majority of the catchments assessed to date 
are mixed agricultural catchments and assessment of model performance in catchments 
dominated by urban environments, intensive farming and upland areas is required before 
firm conclusions can be drawm with respect to the generic application of the model. 
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The Frome catchment showed a greater contribution of phosphorus from sewage input 
(10,200 kg yr"'; 40 % of total) compared with the Windrush (3,780 kg yr"'; 17 % of total) 
and Slapton (780 kg yr"*; 16 % of total), mainly due to population differences. Owens 
(1970) estimated that 1.5 persons/ hectare of catchment could contribute 31 % of the TP 
load, similar to the value obtained for this study (38 %) at 1.3 persons/ hectare. 
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Figure 2.8 Relationship between catchment area (km^) and TP loading (kg yr ' ) in 
terms ofland use. 
2.3.8 M O D E L SENSITIVITY 
The sensitivity of the model was assessed to determine which factors exert the greatest 
influence on the prediction of phosphorus export. Each export coefficient was adjusted by 
an arbitrary value of ± 10 %, while holding all others at the base coefficient value. The 
results of the sensitivity analysis are presented in Table 2.5 and expressed as % change 
from the base contribution. As shown, the analysis suggests that nutrient export from 
STWs (3.5 % ) , tilled land (2.7 % ) , meadow / verge / semi-natural (1.0 %) and mown / 
grazed turf (0.6 %) are the most important single factors controlling the export from the 
Frome catchment. 
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Export coefficients for human and animal sources were taken solely from Johnes (1996) 
and judged to be an appropriate reflection of literature values. Furthermore, human sources 
were separated into both private septic systems and STWs, thus allowing additional 
characterisation of TP loading. Predicted values were compared with observed (measured) 
data fi-om 1998. The final calibrated model prediction (25,605 kg yr ' ) was within 9 % of 
the observed total phosphorus load (23,400 kg yr ' ) . 
2.3.9 E X P O R T M O D E L AS A MANAGEMENT T O O L 
The purpose of modelling phosphorus loads is to enable improved management of a 
catchment. The construction o f an export coefficient model allows informed decisions to 
be taken on which controls will be most effective and can be introduced in order to reduce 
phosphorus loads to a receiving water body. This model, in a management context, can be 
used to predict phosphorus loads on a large catchment scale when certain parameters (e.g. 
coefficients) are varied. This approach is relatively simple and allows the significance of 
sources (e.g. point versus diffuse) to be assessed in most catchments due to available data. 
Once determined, possible reductions can be effected by the implementation of catchment 
managerhent strategies. Phosphorus management strategies for land use have been 
described at the catchment scale (Heatwole et a!., 1987; Prato and Wu, 1991). However, 
there is a belief that due to phosphorus transport characteristics many strategies may be 
narrowly targeted and lead to inconsistent advice (Gburek etal., 2000). 
As mentioned in section l . I . l , phosphorus from point sources (i.e. STWs) can be 
controlled more effectively than diffuse sources and their impact on water quality better 
assessed. Furthermore, the sensitivity analysis predicts that a change in export coefficients 
for STWs is the most important single factor in this catchment. One such programme 
currently being evaluated in the Frome catchment is the tertiary treatment of sewage to 
reduce phosphorus by the chemical process of precipitation with iron chloride as a solid 
solution of iron hydroxide and phosphate, first described by Thomas (1962) and 
Wuhrmann (1964). Biological, the other major process to remove phosphates, involves 
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bacterial incorporation of phosphate into their biomass, thus reducing concentrations. 
Table 2.6 summarises the relative phosphate removal efficiencies of different stages and 
options in wastewater treatment. Under European Directive 91/271/EEC, discharges from 
urban waste water treatment plants must be reduced to 2 mg L * per 10,000 - 100.000 
population equivalents and I mg L'* for > 100,000 population equivalents (CEC, 1998). 
The purpose of the Directive is to stimulate Member States to invest in the collection and 
treatment of urban wastewater. In 1999, seventy-three removal systems were operative in 
the UK, with 90 % being chemical. 
Table 2.5 Sensitivity analysis for the River Frome catchment 
Nutrient Source % Change from base 
contribution 
Humans: STWs 3.5 
Tilled land 2.7 
Meadow / Verge / Semi-natural 1.0 
Mown / Grazed turf 0.62 
Suburban / Rural development 0.60 
Humans: Septic systems 0.52 
Pigs 0.30 
Unclassified land 0,16 
Catde 0.13 
Sheep 0.10 
Continuous urban 0.03 
Deciduous woodland 0.03 
Horses 0.01 
Coniferous woodland 0.009 
Grass heath 0.004 
Rough / Marsh grass 0.001 
Inland bare ground 0.001 
Scnib / Orchard 0.0009 
Open shrub heath 0.0006 
Dense shrub heath 0.0005 
Bracken 0.00003 
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An average TP concentration of 3.6 mg L"* was calculated from the modelled TP load and 
the dry weatho- flow rate (1.58 m^ s'') at the Dorchester STW for 1998. Table 2.7 lists the 
results of this reduction scenario for the Dorchester STW as well as for the seven other 
STWs within the catchment. Tertiary treatment at Dorchester would result in a predicted 
reduction in the total load of 8.5 %. while application of this treatment to all STWs in the 
catchment would result in a predicted overall reduction in the total load of 15 % as 
compared with 1998 loadings. These calculations assume that phosphorus does not 
accumulate downstream from the input of treated effluent to the river over an annual cycle. 
House and Denison (1997) reported no evidence for such an occurrence in another chalk 
river (the Great OuseX statiing that the TP content of surface sediments was not impacted 
by the STW inputs. 
Table 2.6 Phosphate removal rates for different wastewater treatments. 
Treatment option Phosphate removal 
Primary 5-10 % (P removed is that combined to 
organic particulates) 
Secondary 20-40 % (Due to bacterial metabolic 
action) 
Tertiary: biological 40-85 % (Heavily dependent on a 
range of conditions) 
Tertiary: chemical 95 % or greater (Degree of removal 
dependent on quantity of salts added to 
reach a desired endpoint) 
Table 2.7 Phosphorus reduction scenarios for sewage treatment works (STWs) 
within the Frome catchment 
Treatment Dorchester 
(kgPyr-^) 
All STWs 
(kgPyr ' ) 
Annual total P 
(kgPyr ' ) 
Original 4,942 8,869 25,605 
After treatment at 
Dorchester STW 
2.768 6,695 23,431 
After treatment at 
aUSTWs 
4.967 21.703 
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2.3.10 M O D E L LIMITATIONS 
The export coefficient approach is only as good as the quality of input data and nutrient 
loading predictions exhibit some d ^ e e of variability. Export coefficients are empirical 
and Lathrop et a!. (1998) reported that coefficient variability exists because many are 
derived from short-t^m monitoring of small drainage areas. Variations in land use 
coefficients occur due to differences in basin geology, erosional patterns and intensity and 
types of use. In addition, very few literature sources on land use export coefficients state 
whether the sources are organic (i.e. animal waste spread on land) or inorganic in nature 
(i.e. fertilisers) which can have different loss rates. 
Short-term or limited monitoring can provide a biased data set for calculating loads. For 
instance, the sampling frequency for the River Frome during 1998 was 3-5 times monthly. 
An increase to twice weekly during low and peak seasons would provide a more complete 
dataset for observed calculations but would incur significant additional cost. A further 
limitation in the model could be the reliability o f livestock numbers within the catchment. 
For this study, all animal source data was obtained from a June 1998 parish census. In 
addition, total livestock numbers were based on the assumption that parish boundaries 
uniformly coincided with the Frome catchment. 
2.4 C O N C L U S I O N S 
The export coefficient model allowed the prediction of TP loading, both monthly and 
annually, in the Frome catchment, UK. A total annual TP load of 25,605 kg yr * was 
calculated using the model, which compared to an observed (measured) value of 23,400 kg 
yr V Diffrjse sources (land use, animals and septic tanks) made the most significant 
contribution to the TP load (65 % ) , with 35 % of TP coming from STWs. Predicted TP 
loadings were consistent with other published data in terms of loading per catchment area. 
Application of the model to investigate the potential effect of EU directives on improved 
phosphorus extraction at sewage treatment works show that, for this catchment, reducing 
the phosphorus levels to 2 mg L * in wastewater leaving the STWs would reduce TP 
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loading to the catchment by at least 15 %. An analysis of FRP to TP ratio showed that the 
ratio varied v*rith discharge, and that TP could therefore be used to obtain valuable 
information on FRP concentrations in the catchment. The results of the sensitivity analysis 
showed that STWs (3.5 % ) , tilled land (2.7 % ) , meadow-verge-seminatural (I.O % ) and 
mown and grazed turf (0.6 %) had the most significant effect (percent difference from base 
contribution) on model prediction. 
Seasonal results show that, on the whole, the predicted monthly TP loads provided a good 
estimate of actual TP loads. However, important differences were observed in months of 
variable discharge (i.e., February and May). The differences appear, in part, to be due to 
an underestimation of the observed TP loading resulting from the sampling programme 
missing some storm events. In addition, it is likely that TP is retained in the spring and 
summer in the river due to uptake by bottom sediments and plant and algal growth, thus 
helping account for lower observed values. September was the only month where observed 
export was greater than the predicted. This could be explained by the generation of in-
stream TP remobilisation from sediment porewaters, resuspension of sediments and 
degradation of algae and plants in the river. Overall, the observed database was limited (3-
5 samplings per month) and sampling dates in these months were on days of lower river 
discharges. For example, the mean discharge for the dates sampled during February and 
May 1998 was 3.94 m"*s *. However, mean discharge for all days during the same months 
was greater (5.11 m^ s"'). These discrepancies were most likely due to unrepresentative 
sampling and illustrate the potential use for a model of this type to design and coordinate 
representative sampling campaigns. 
53 
CHAPTER T H R E E 
Comparison of Sample Storage Protocols for the 
Determination of Nutrients in Natural Waters 
3,1 I N T R O D U C T I O N 
As shown in Chapter 2, mathematical models can be used as predictive tools for assessing 
nutrient loading. However, infrequent monitoring can lead to inconclusive data sets and 
discrepancies between predicted (modelled) and observed loads can result, especially 
during variable river discharge. Accurate and representative measurements are therefore 
needed for validating models. I f manual sampling and laboratory analysis are used to 
provide the necessary data, a suitable sample preservation protocol which minimises the 
physical, chemical and biological processes that can alter the physico-chemical forms o f 
nutrients during storage must be used. The effectiveness of such protocols depends on 
numerous factors including sampling procedure, filtration, storage container, physical and 
chemical treatment and sample matrix. 
3.1.1 SAMPLING P R O C E D U R E 
Selecting representative sampling sites is one of the most important factors in any nutrient 
monitoring programme. The number and location of potential sites should be determined 
in the initial phase of the sampling campaign and will be dependent on the problem that 
needs to be addressed. I f the purpose of the programme is to monitor the impact of point 
sources, monitoring sites should be clustered where nutrients are likely to enter the water 
body. To help ensure scientific validity, sites upstream and downstream from the pollutant 
inflow, as well as the point o f entry, should be monitored to provide comparative data, and 
determine dispersal/dilution. Other factors that need to be considered include avoiding 
boundary areas (e.g., confluence of streams or rivers), cost, safety and overall accessibility 
(Lambert c/a/., 1992). 
The sample collection procedure should be simple and avoid the possibility of 
contamination or interference from foreign substances. Today, there are several types o f 
automatic samplers that can be programmed to take samples at specific time intervals. 
Individual grab samples can also be taken at specific times and locations. Whatever 
method is chosen, it is important to minimise contamination of, or alteration to, the sample. 
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All sample bottles should go through a thorough cleaning regime (see section 3.2.2) and be 
rinsed at least twice with the water of interest prior to analysis. Care must be taken to 
avoid the surface film, which can be enriched with nutrients. The sample should be 
collected half way between the surface and the bottom and upstream ( i f collecting grab 
samples) to avoid disturbing underlying sediments. 
3.1.2 F I L T R A T I O N P R O C E D U R E 
For nutrients, preliminary treatment often involves filtration as high concentrations o f 
suspended solids can cause analytical interference, e.g., scattering of light in 
spectrophotometry. Filtering also removes the majority o f bacteria and plankton that may 
alter nutrient concentrations during storage, but may not eliminate colloidal particulate 
matter that can remove or release nutrients (Horowitz et a/., 1992). In theory, filtration 
differentiates between particulate and dissolved constituents, operationally defined as the 
fi-actions which pass through a 0.45 jam filter (Hall ei a/., 1996). However, this definition 
considers the pore size of the filter, ignoring other aspects of the filtration process 
(Horowitz et al , 1992). Continuous filtering, for example, can lead to clogging o f the 
membrane by retained particles or colloids leading to a gradual decrease in pore size, thus 
entrapping particles that would normally pass through the filter. As the pore size decreases, 
the filtration rate drops, ultimately leading to an increase in filtration pressure (Laxen and 
Chandler, 1982). An increase in pressure can in turn lead to lysis of biological cells, 
releasing enzymes that could liberate nutrients (e.g. phosphate). To avoid cell lysis, 
pressures less than 1 atm across the membrane are recommended (Gardolinski et a/., 
2001). 
3,1.3 S T O R A G E CONTAINER 
Walls of bottles and containers are excellent substrates for bacteria and micro-plankton, 
often enhancing biological growth which continue to digest and excrete nutrient species 
after collection. Thus, containers for sample storage must be made of suitable material (i.e. 
soda glass, pyrex, polythene, polypropylene, PTFE). Both soda glass (Grasshoff, 1976) and 
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polythene (Morse ei a/., 1982; Macdonald ei al., 1986) containers have been recommended 
for the analysis o f phosphate. Soda glass should not be used in the case of deep-freezing, 
and, in the case of silicate analysis, dissolution o f silicate from the glass containers can 
contaminate the samples (Zhang and Ortner, 1998). In addition, aqueous solutions 
containing 0.03-0.112 mg L * orthophosphate may be stored with less than 0.5 % 
adsorption (first 24 h) in either soda glass or polyethylene containers after first soaking in 1 
M HCI and later rinsed with deionised water (Latterell et al., 1974). Acid washing has the 
advantage of halting biological growth and reducing phosphorus adsorption by container 
walls (Maher and Woo, 1998). 
3.1.4 P H Y S I C A L AND C H E M I C A L T R E A T M E N T 
Both physical and/or chemical treatments aim to slow down the biological processes that 
cause nutrient depletion. Cooling (both refingeration and freezing) of the samples with 
storage is widely accepted as a preservation process, with freezing being the preferred 
technique (Zhang and Ortner, 1998). Although nitrate and phosphate can be adequately 
preserved by the freezing process, silicate recoveries have been reported as low (Zhang and 
Ortner, 1998). This can be attributed to the conversion of reactive silicate to a nonreactive, 
polymeric form (Macdonald et a/., 1986). Refrigeration ( 4 ^ ) has been favourably 
recommended for samples (including those for silicate determination) which wil l be 
analysed within a few hours o f collection (Morse et a/., 1982). Assessment of heat 
treatment (pasteurisation) for the preservation of nitrate and phosphate revealed stable 
levels for more than a year, whereas ammonia levels decreased within three days due to 
heat alteration (Aminot and Kerouel, 1997). 
Chloroform and mercuric chloride are the most widespread chemical additions made for 
sample preservation, but contradictions are reported about their effectiveness in the 
literature. Chloroform has been reported to be effective in nutrient concentration 
stabilisation i f samples are saturated and stored at 4°C (Pichete ei al., 1979; Haygarth et 
a/., 1995). However, other studies have shown that chloroform produces an increase in 
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FRP and TP concentration, possibly due to phosphorus release from particles such as algal 
cells (Fitzgerald and Faust, 1967). Mercuric chloride is the less effective of the two as it 
can interfere with the molybdenum blue reaction for phosphorus determination when 
ascorbic acid is used as the reducing agent (Skjemstad and Reeve, 1978). In addition, 
mercuric chloride can result in the precipitation of bacteria and proteins (Maher and Woo, 
1998) . 
3.1.5 SAMPLE MATRIX 
The biological and physico-chemical characteristics between different water types (i.e. 
surface, groundwater, estuarine or open ocean) can vary considerably in composition and 
what is suitable for preserving nutrient concentrations in one system may not apply to 
others. Most studies in the literature were carried out on a single sample matrix obtained 
from one sampling campaign. Thus, a more thorough investigation (as described in this 
chapter) is needed to fully investigate sample matrix effects. 
3.1.6 PREVIOUS STUDIES 
Table 3.1 summarises reported methods of storage and maximum storage time for nutrient 
determinations in the dissolved fraction. The major conclusions were that freezing (-20**C) 
or the addition of preservatives is indispensable for any given sample storage protocol. 
However, few of these studies focused on riverine and estuarine waters and none on 
seasonal variations. It is quite likely that these factors will lead to changes in suspended 
particulate and dissolved organic matter, biological populations, major ions and 
extracellular enzymes between sample matrices over time. 
Based on these findings, it was thought necessary to augment previous studies by 
examining the long-term trends in measured nutrient (total oxidised nitrogen (TON) and 
FRP) concentrations in natural waters with contrasting matrix compositions. In addition, 
the possible effect of seasonal variations on nutrient behaviour in sub-samples and controls 
were examined by comparing late winter (February, 1999) and early autumn (October, 
1999) samples. Five different storage treatments: refrigeration (4°C), refrigeration ( 4 T ) 
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Table 3.1 Storage protocols for the determination of dissolved nutrients in natural waters (adapted from Maher and Woo, 1998). 
Nutrient 
Species* 
Matrix Method of storage Maximum 
storage time 
Comments References 
FRP Distilled, tap and lake water Refrigerator (4°C) 1 day Polypropylene and polycarbonate containers 
were suitable for storage. Glass containers 
sorbed phosphonis ^vithin 1-6 h. 
Ryden etal., 1972 
FRP Standards added to rain water Room temperamre with HgCIj (0-50 
mgL-') 
3 days HgClj interfered with the reaction when ascorbic 
acid was added as a reducing agem 
Skjemstad and 
Reeve, 1978 
FRP River water -10°, 4°, 2(fC with/without thymol 
(0.01%), K F (0.01%), TBT 
(0.001%), H2SO4 (0.05M) or CHCI3 
(5 ml L ') 
14 days Samples showed no decrease in FRP if 
chloroform added and samples stored at 4°C. 
Pichetee/fl/., 1979 
FRP, TP Open ocean Frozen (quick and slow), cooled 
(2°C) with/without HgCl: (120 mg 
L'') , phenol (4 mg L'^) and acid (pH 
5) 
60 days No significam change in TP concentration when 
samples frozen with/without acid. 
Morse C M / , , 1982 
FRP Coastal and estuarme waters -10°C, slow and quick freezing 365 days Small change in FRP when samples were 
frozen, ( ^ c k freezing reduced losses. 
Macdonald and 
Mclaughlin, 1982 
NH, and NO3 Precipitation and lake waters Refrigerator (4°C) 19 days Signilicant changes in concentration were 
observed after 1 day. 
Vesely, 1990 
FRP and NO3 Sea water Frozen ai -40*'C initially, then 
stored at -20°C 
147-210 
days 
FRP concentration decreased in samples stored 
longer than 4 months. 
Clementson and 
Wayte, 1992 
TP. TDP, FRP 
andTRP 
Lake water Refrigerator (4**C) 180 days No change in TP in samples for up to 6 months. Lambert et at., 
1992 
FRP Stream water Frozen at-ie^'C 4-8 years No significam change in FRP concentration. Avanzino and 
Keimedv 1993 
FRP Soil leachates Room tempcramre (5-19°C), 
refrigeration (4°C) frozen 
(-20°C) with/without HgCh (40-400 
mgL*')andH2S04 
1-2 days Changes occurred within 2 days for all samples 
with smallest changes in samples stored at room 
temperanire or 4°C. 
Haygarth et ai, 
1995 
TON, NH4 
and FRP 
"FRP .nitPrnhlA 
Sea water Pasteurisation and stored at room 
temperature 
18 months TON and FRP remained constam for 1 year. 
NH4 losses after 3 days. 
Aminot and 
JCerouel, 1997 
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with chloroform addition, freezing (-20°C), freezing (-20T) with chloroform addition and 
deep-freezing (-80T) were investigated All five protocols were applied to samples from 
four UK sites with contrasting salinities and catchment characteristics 
3.2 E X P E R I M E N T A L 
3.2.1 SAMPLING SITES 
Four UK sampling sites were chosen, the River Frome at East Stoke in Dorset (see section 
2.2.1 for a full description) and three sites in the Tamar Estuary (Tidal reach at Calstock, 
0.5 7oo, Halton ()uay, 10 and Drake Island in Plymouth Sound, 34 7oo). The lower Tamar 
catchment (Figure 3 1) is 822 km^ and includes the largest urban area in Devon and 
Cornwall, namely Plymouth (population 250,(X)O), and is surrounded by moorland The 
length of the main river (Tamar) is 139 km and the average annual rainfall is 1450 mm 
across the catchment The geology of the region originates from slate, limestone and grit 
and a metamorphic aureole located in the north-western and eastern catchment boundaries 
associated with tin, copper, arsenic and localised tungsten mineralisation (Environment 
Agency, 1996) 
Figure 3.1 The lower Tamar catchment, UK (Environment Agency, 1996). 
3.2.2 C L E A N I N G P R O C E D U R E 
All containers, bottles and ^assware used during this study for manipulating and storing 
reagents, samples, controls and standards were first cleaned overnight with nutrient free 
detergent (Neutracon®, Decon Laboratories, UK), rinsed three times with ultra-pure water 
(distilled, double deionised and UV irradiated) (Elga Maxima®, 18.2 MQ) and soaked in 
10 % (v/v) HCI for at least 24 h. All were then rinsed three times with ultra-pure water and 
dried at room temperature. As an extra precaution, cellulose acetate membrane filters 
(0.45 |im, Whatman, UK) were also soaked in 10 % (v/v) HCI for at least 24 h and rinsed 
three times vAih ultra-pure water before use. 
3.2.3 SAMPLING AND S T O R A G E PROCEDURES 
Table 3.2A (February, 1999) and 3.2B (October, 1999) list the field data for both sampling 
campaigns for all four sites at the time of sampling. Samples were collected in 5 L high-
density polyethylene (HDPE) containers (Nalgene*) and immediately filtered in the field 
using a 5 L nitrogen pressurised (< I atm) filtration unit housing a 0.45 |im cellulose 
acetate membrane filter (142 mm diameter, Whatman®). Figure 3.2 shows the distribution 
of sub-samples during the storage experiment. All 125 mL sub-sample bottles (HDPE, 
Nalgene®) were first rinsed twice with filtrate then filled with 50 mL aliquots. Bottles were 
then labelled, placed in resealable plastic bags and stored under specified conditions: 4 T 
with/without chloroform (0.1 % v/v) addition, -20°C with/without chloroform (0.1 % v/v) 
addition and -80**C. Controls were prepared in 0, 10, and 35 7oo water using appropriate 
volumes of ultra-pure water and low nutrient seawater (LNS, Ocean Scientific 
International, UK) with known nutrient concentrations (1.47 | i M PO4, 74 ^iM NO2 + NO3) 
prepared fi-om stock solutions of 3 mM PO4 and 7.17 mM NO3. respectively. All sub-
samples and controls (treated in the same way as samples) were placed in appropriate 
storage conditions within 6-8 h. On day 0 (same day as sampling), samples fi"om each site 
and a single control were analysed in triplicate. Further analyses were performed on days 
1, 2, 4, 8, 14, 21, 56, 84, 247 and on day 380 for Tamar 34 7oo sub-samples. 
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Table 3,2A Physico-chemical parameters and grid references of sub-samples at day 0 (February 1999). 
Site Sampling date PH Temperature CQ Salinity (^ '/oo) Calcium (mM) Grid reference 
River Frome 22'"Februaiy. 1999 7.9 6.6 0.5 2.40 SY 872869 
Tamar Estuaiy 23"" February, 1999 7.3 7.6 0.5 0.50 SX 434687 
Tamar Estuaiy 25"'Februaiy. 1999 7.5 9.2 10 - SX 413645 
Tamar Estuary 25"'Februaiy, 1999 7.7 9.6 34 - SX 470530 
Table 3.2B Physico-chemical parameters and grid references of sub-samples at day 0 (October 1999), 
Site Sampling date pH Temperature CQ Salinity (^ '/oo) Calcium (mM) Grid reference 
River Frome 18"^  October, 1999 7,6 10.7 0.5 2.40 SY872869 
Tamar Estuaiy 19"* October, 1999 6.4 11.6 0.5 1.60 SX 434687 
Tamar Estuary 21''October, 1999 7.7 11.5 10 - SX 413645 
Tamar Estuaiy 21" October, 1999 7.9 13.9 34 - SX 470530 
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Figure 3.2 Schematic allocation of sub-samples during storage experiments. 
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3,2.4 INSTRUMENTATION 
A segmented flow analyser (Skalar SAN**", The Netherlands) incorporating a four-channel 
module holder and two 16 channel proportioning pumps was used in all nutrient 
determinations. Figures 3.3 and 3.4 show the analytical chemistry modules and 
appropriate flow diagrams for TON and FRP, respectively. Automatic background 
corrections were achieved for each determinant (TON and FRP) by the use of the Matrix 
(6250) photometer. Refractive index effects were eliminated by subtracting the absorbance 
at a reference vravelength (TON - 620 nm, FRP - 1100) from the absorbance at the analyte 
wavelength (TON - 540, FRP - 880). All data handling was performed using the Skalar 
Data Processing (SDP) package (Version 6.0). An interfiice (SA 8600) was used to convert 
analog signals from the detector to digital signals read by the computer. Table 3.3 lists the 
overall technical and operational specifications o f the system. A double beam flame atomic 
absorption spectrophotometer (GBC Model 902, GBC) was used in all calcium 
concentration determinations. 
Table 3.3 Operational speciflcations of the segmented flow analyser. 
Panunetcr SpecHiaition 
Lamp Halogen, 6V / 10 W cooled 
Spectral range 340-1100 nm 
Optical path lengdi 50 mm 
Concentration range (reported) 20-100 Jig L *(N and P) 
Sample time 60 s 
Wash time 60 s 
Injected air 30 bubbles/min 
Sample throughi)ut 140 samples/h 
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Figure 3.3 Flow diagram for TON determination using segmented flow analysis. 
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Figure 3.4 Flow diagram for F R F determination using segmented flow analysis. 
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3.2.5 REAGENTS AND STANDARDS 
All solutions were prepared in ultra-pure water with all reagents being AnalaR (or 
equivalent) grade (BDH, UK) unless otherwise indicated. Working standard solutions 
(0.1-8.0 ^iM PO4 and 9.0-360 j i M NO3) were prepared from stock solutions (3 mM PO4 
and 7,14 mM NO3) by appropriate dilution with ultra-pure water and LNS prior to analysis. 
(a) TON 
The buffer solution contained 25 g L"' ammonium chloride, 1 mL L ' ' 25 % (v/v) ammonia 
solution and 3 mL L'* 30% (v/v) Brij 35 nutrient-free detergent (Skalar). The colour 
reagent contained 10 g L ' ' sulphanilamide, 0.5 g a-naphthylethylenediamine 
dihydrochloride and 150 mL L"' low nitrite o-phosphoric acid. 
(b) FRP 
The ammonium molybdate solution contained 230 mg L~' potassium antimony tartrate, 6 g 
L"' ammonium molybdate, 69.4 mL L * sulphuric acid and 2 mL L*^  FFD6 nutrient-free 
detergent (Skalar). The ascorbic acid solution contained 11 g L ' ' ascorbic acid, 60 mL L"' 
acetone and 2 mL L"' FFD6, 
3.3 RESULTS AND DISCUSSION 
The original concentrations o f TON and FRP in controls and samples corresponding to 
measurements on day 0 (February, 1999 and October, 1999) are shown in Tables 3.4 A and 
3.4B, respectively. Blanks of ultra-pure water filtered through acid washed cellulose 
acetate filters gave no detectable response. 
Table 3.4A Original concentrations of TON and FRP In controls and samples on 
day 0 (day of sampling) for February, 1999 study. 
.-.V •v.----Site'^;^;;;-'"-^ :,y;TONi3sx;iM) ..^ : "fW±3s(HrV^ 
Control 0,0 77.010.9 1.53 ±0.02 
Control 10 74.2 ±4.4 1.52 ±0.06 
Control 35 74.8 ±4.8 1.51 ±0.01 
River Frome 0.5 480 ±44 2.88 ±0.43 
Tamar Estuaiy 0.5 229 ±23 1.73 ±0.01 
Tamar Estuaiy 10 14618.7 1.22 ±0.03 
Tamar Estuaiy 34 21.5±1.2 0.98 ±0.01 
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Table 3.4B Original concentrations of TON and FRP in controls and samples on 
day 0 (day of sampling) for October, 1999 study. 
;;-•;>' /.-Site, vr- J •-• ^ Saiiiiity(*?/oo) • \;TON ±3s(iiM)' r,. . FRP±3s0iM) / 
Comrol 0.0 76.0 ± 5.2 1.45 ±0.04 
Control 10 78.8 ±6.3 1.50 ±0.06 
Contro] 35 69.1 ±4.8 1.63 ±0.06 
River Frome 0.5 413 ±33 4.86 ±0.21 
Tamar Estuaiy 0.5 196 ±27 1.25 ±0.12 
Tamar Estuary 10 168±11 1.37 ±0.03 
Tamar Estuaiy 34 23.2 ±2.5 1.10 ±0.08 
3,3.1 TON AND F R P IN CONTROLS (FEBRUARY, 1999) 
Figure 3.5 shows the measured concentrations of TON and FRP over the duration of each 
study in control samples (0. 10. and 35 7oo) stored at 4 T and -20 **C for February and 
October 1999, respectively. Dashed lines represent ± 3 s of the mean of each of three 
measurements of two replicates (n=6) analysed on day 0. The error bars for all control data 
points represent ± 2 s of the mean of three replicate measurements (n=3). Nutrients 
concentrations are defined as stable i f the data point error bars overlapped with the ± 3 s 
confidence interval for the day 0 data point. As shown in February (Figure 3.5), ail TON 
controls remained stable throughout the duration of the study (247 days) with the exception 
o f the 35 7oo contro! stored at 4 ^C, which showed a decrease in concentration between day 
84 and 247. Overall, 23.1 ^ M TON (31 % of initial value) was lost after 247 days. FRP 
controls stored in the fi-eezer remained stable, but there was a more marked deterioration 
than was observed for TON when stored at 4 °C after 247 days (0.76 iiM loss, 51 % of the 
initial 35 7oo control). TON and FRP losses from the 35 7oo controls (Figures 3.5E and 
3.5K) are the result of nutrient uptake by the presence o f bacteria in the low nutrient 
seawater (LNS) used in the preparation of controls. A 0.20 ^m membrane filter was used 
in the LNS filtration process, which has been reported to not retain unicellular bacteria 
(Cotner and Wetzel, 1992). The bacteria remaining in the LNS could thus promote the 
consumption of TON and FRP as reported in previous studies involving bacterial uptake of 
inorganic nutrients in natural waters (Jansson, 1988; Gronlund et a/., 1996). Molar losses 
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Figure 3,5 Measured concentrations (nM) of TON and FRP in controls for the February, 1999 study. 
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were calculated and showed a N;P depletion ratio of 17.4 on day 84 in the 35 7oo control. 
This value (17.4) lies within the range of 1.4-18.8 reported for bacterial growth in oceanic 
waters (Rivkin and Anderson, 1997). The results from the 28 day October study showed 
no important differences for the controls when compared to the February study. 
3.3.2 TON IN NATURAL W A T E R SUB-SAMPLES ( F E B R U A R Y , 1999) 
As shown in Figure 3.6, measured TON concentrations remained stable for all storage 
treatment and sites with the exception of Tamar 34 7oo sub-samples stored at 4 °C without 
chloroform (Figure 3.6 N). The first noticeable decrease was observed on day 28 and 
continued steadily to day 247, where the overall loss in concentration was I I . 1 ^lM (52 % 
loss). As with the controls, this is believed to be partly due to bacterial presence in the 
sub-samples. In addition, a higher level of bacterioplankton (0.2-10. ^im) could have been 
present in the sub-samples compared to the controls due to filtration through a 0.45 |im 
membrane filter (Cotner and Wetzel, 1992). 
3.3.3 FRP IN NATURAL W A T E R SUB-SAMPLES ( F E B R U A R Y , 1999) 
Figure 3.7 shows the measured concentrations of FRP in sub-samples for all sites and 
treatments for February, 1999. The River Frome sub-samples (Figure 3.7A-D) showed 
noticeable differences between treatments over time. The greatest nutrient loss occurred in 
sub-samples stored at 4 with no chloroform. The initial FRP concentration (2.88 ± 0.43 
HM) was maintained up to day 28, but steadily decreased thereafter to almost complete 
reduction (0.05 ± 0.01 ^lM) by day 247. As with the TON sub-samples and controls, this 
decrease can likely be explained by bacterial uptake. Both freezer treatments (Figure 3.7C 
and D) showed immediate decreases, which can be explained by physico-chemical 
alteration of the sub-samples. A white precipitate was present after the freezing/thawing 
process, probably calcite, which coprecipitated inorganic phosphate, thus removing FRP 
from the dissolved phase (House ei a/., 1986; A f i f e/ a/., 1993). This coprecipitation 
reaction, caused by the interaction between inorganic phosphorus and the calcite surface 
during crystal growth, promoted a reduction in FRP concentration in sub-samples to a 
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Figure 3.6 Measured concentrations (nM) of TON in sub-samples for the February, 1999 study. 
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Figure 3.7 Measured concentrations (^iM) of FRP in sub-samples for the February, 1999 study. 
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30 60 90 
stable value o f approximately 1.95 ± 0.34 ^iM. River Frome sub-samples stored at 4 °C 
with chloroform (Figure 3.7A) remained stable for up to 247 days. The stability in FRP 
concentration is believed to be the result o f chloroform acting as a toxic agent preventing 
bacterial growth during storage. Tamar 0.5, 10 and 34 7oo sub-samples stored at 4 **€ 
(Figure 3.7 F, J and N) showed immediate decreases after day 0, probably due to the 
presence of bacteria. This trend lead to near complete consumption of FRP by day 86 for 
Tamar 34 7oo and by day 247 for both Tamar 0.5 7oo and 10 7oo. Sub-samples from the 
same sites stored in -20 (Figure 3.7G, K and O) and -80 (Figure 3.7H, L and P) 
were stable over the 247 day study. Unlike the River Frome sub-samples, Tamar 0.5 7oo 
sub-samples stored at 4 **C with chloroform (Figure 3.7E) showed an increase from the 
initial FRP concentration (1.73 ± 0.01 \iM) to a stable mean value of 1.92 ± 0.16 ^iM. It is 
believed that the cause of the increase in FRP concentration is due to the lysis of bacteria 
as a result of chloroform addition. Chloroform is volatile and may have been partially lost 
to an ill-fitting closure or through the matrix of the container wall. Once the initial dose of 
chloroform is lost, the processes that lead to nutrient depletion may restart. These 
processes could release enzymes, which could decompose colloidal organic matter, thus 
liberating FRP (Haygarth et al., 1995). In the case o f released phosphatases, the enzymes 
could hydrolyse polyphosphates and phosphorus containing organic compounds, again 
liberating FRP (Denison ei a/., 1998). 
3.3.4 TON IN NATURAL W A T E R SUB-SAMPLES (OCTOBER, 1999) 
To investigate possible seasonal effects (i.e. changes in biological and chemical matrix 
composition), a second sampling campaign was undertaken in early autumn (October, 
1999). Figure 3.8 shows the measured concentrations of TON in sub-samples for all sites 
and treatments for the October, 1999 study. With the exception of a few data point 
fluctuations, the River Frome sub-sample (Figure 3.8A-D) concentrations remained stable 
throughout the 28 days. These minor fluctuations could be the result of systemic 
instrumental errors, as a few points show rather large error bars. However, all data points 
72 
TON 4"C + Chloroform 
River 
Frome 
4^C 20**C -80"C 
Tamar 
0%. 
200 
Tamar 
10 %o 150 
100 
Tamar 
35%. 
40 
3 0 
20 
(M) 
10 
(N) (O) 
0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 3( 
DAYS 
Figure 3.8 Measured concentrations (^iM) of TON in sub-samples for the October, 1999 study. 
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(with the exception of day 8, -80 °C treatment) fell within the 99 % confidence interval. 
With the exception of a small fluctuation (increase) in concentration on day 4, for all 
treatments, the Tamar 0 7oo sub-samples (Figure 3.8E-H) remained stable. The Tamar 10 
°/oo and Tamar 35 **/oo sub-samples showed similar behaviour as the February, 1999 study. 
3,3.5 FRP IN NATURAL W A T E R SUB-SAMPLES (OCTOBER, 1999) 
Figure 3.9 shows the measured concentrations of FRP in sub-samples for all sites and 
treatments for the October, 1999 study. The depletion of FRP from the River Frome sub-
samples (Figure 3.9A-D) occurred in a similar way to the first study, with the exception of 
a delay for the initial decrease. As calcium concentrations in the River Frome were the 
same for both study periods (2.40 mM), it is believed that changes in biological activity 
and/or populations are responsible for the differences shown. 
Tamar 0, 10 and 35 7oo sub-samples for the freezer treatments (both -20 and -80 T ) 
showed complete stability over the 28 day study. Sub-samples stored at the 4 °C treatment 
also showed similar results to the first study, again with a slight delay in nutrient loss from 
day 0. For Tamar 35 7oo sub-samples, the observed loss in nutrient concentration (9.38 
| i M for TON; 0.89 \iM for FRP) represented a molar loss ratio for N:P of 10.5 compared 
with 11.3 for the first study. 
3.4 INTERCOMPARISON STUDY 
Participation in an external interlaboratory comparison study for nutrients in seawater 
using the Skalar SAN***"" segmented analyser provided independent evidence of analytical 
assurance and validation for the results of the storage study presented above. This study, 
organised by the National Research Council of Canada (NRC) in collaboration with the 
National Oceanic and Atmospheric Administration (NOAA), was established to assess the 
capabilities of various laboratories worldwide to analyse seawater for orthophosphate, 
dissolved silica, nitrite and TON. For this research, only orthophosphate was analysed, 
with the results discussed below. 
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Figure 3.9 Measured concentrations (^iM) of FRP in sub-samples for the October, 1999 study. 
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(a) T E S T M A T E R I A L (MOOS-l) 
Seawater samples were collected at a depth of 200 metres oflf Cape Breton Island. Canada 
(Lat. 47.062833 X Long. 59.982333 "^V) using a rosette containing 22 Niskin bottles on 
24 June 1996. The contents of each bottle were transferred into 50 L carboys by pumping 
through a 0.05 |im cartridge filter and later homogenised in a 400 L tank at the NRC 
laboratories. Sub-samples (50 mL) were allocated into precleaned plastic bottles, sealed 
and gamma irradiated with 25 kGy. Participating laboratories were each sent two bottles 
of MOOS-l and requested to perform duplicate analysis on each. 
(b) PHOSPHATE R E S U L T S 
Appendix B lists the name and addresses of the participating laboratories. Thirty sets of 
results were received with the laboratories numbered sequentially upon receipt of its data 
(University of Plymouth - number 22). Laboratory numbers 31 and 32 were assigned to 
the NRC. The submitted data (as received with respect to significant figures) for 
phosphate fi-om the thirty-two laboratories is listed in Table 3.5. Upon review of submitted 
results by the NRC, there was a question in regards to interbottle inhomogeneity. It was 
then decided to treat the results fi'om each bottle independently rather than calculating an 
overall mean of the four replicates. In addition, a tolerance level was calculated using the 
NRC results and data fi^om selected laboratories. The tolerance level (determined by 
multiplying the calculated standard deviation by an expansion factor (between 2 and 3) 
was constructed to cover at least 95 % of the bottle population with 95 % probability (See 
Table 3.6). 
76 
Table 3.5 Phosphate (^M) results for the intercomparison study for nutrients in 
seawater. Plymouth is laboratory 22. 
Laboratory Replicate 1 Rqilicate 2 Replicate 3 Replicate 4 
1 1.69 1.7 1.67 1.67 
2 1.29 1.31 1.36 1.34 
3 1.58 1.64 1.32 1.26 
4 1.60 1.63 1.62 1.63 
5 1.37 1.41 1.64 1.54 
6 1.9 1.75 1.77 1.69 
7 1.6 1.59 1.2 1.18 
8 1.723 1.735 1.726 1.728 
9 1.63 1.64 1.64 1.64 
10 1.7 1.8 1.8 1.8 
11 1.73 1.74 1.72 1.72 
12 1.51 1.43 1.48 1.49 
13 1.772 1.763 1.759 1.762 
14 1.7 1.69 1.71 1.71 
15 1.16 1.19 1.15 1.25 
16 1.689 1.692 1.692 1.692 
17 1.76 1.76 1.76 1.85 
18 1.61 1,63 1.61 1.59 
19 1.62 1.67 1.67 1.72 
20 - - - -
21 1.75 1.74 1.72 1.74 
22 1.43 L43 1.45 1.47 
23 1.26 1.27 1.71 1.76 
24 2.68 2.74 2.65 2.68 
25 1.53 1.64 1.64 1.59 
26 2.03 2.02 2.00 1.99 
27 1.806 1.839 2.000 2.065 
28 1.64 - - -
29 1.22 1.24 1.21 1.21 
30 1.654 1.703 1.717 1.706 
31 1.72 1.67 1.68 1.68 
32 1.66 1.67 1.66 1.66 
Z-scores were calculated and used in the intercomparison study to asses bias. The z-scores 
were calculated as follows: 
at 
Equation 3.1 
where is the individual laboratory mean, A'is the accepted (or assigned) mean and 
aTARGET is the target value for standard deviation. ThecTrwcCTwas defined as one-half the 
assigned tolerance interval and calculated from the results of several expert laboratories 
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that analysed the samples prior to the intercomparison. Figure 3.10 shows the results (each 
bottle separately) of the laboratory z-scoring system for phosphate. Our samples, 22a and 
22b had z-scores of -2.5 and -2.2, respectively. Given the interbottle inhomogeneity that 
was found during the intercomparison study, the results indicate reasonable agreement with 
the assigned meaa A summary of the phosphate results for the intercomparison study is 
shown in Table 3.6. 
Phosphate z scores 
QQQOQS 
-6 I I I 1 I I I I 1 I 1 I I [ I 1 M I I I 1 M I I I I I I I I 1 I I 1 I I 1 M I I I I I I I I 1 I I I 1 I 
15a 29b 3b Sa 12a 5b 3a 18a 9b 32a 31b 14a 19b l i b a> 11a 17a 10b 
7b 29a 2a 22a 12b 7a 4a 4b 19a lb 16a la 14b 8b 21b 21a 13b 17b 
15b 23a 2b 22b 25a 18b 2Sb 9a 32b 30a 16b 31a 30b 8a 23b 10a 13a 27a 
Laboratory 
Figure 3.10 Z-score results for phosphate from the intercomparison study for 
nutrients in seawater (Willie and Oancy, 2000X 
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Table 3.6 Summary of phosphate results Tor the intercomparison study for 
nutrients in seawater. 
Figure of merit Value 
Assigned tolerance interval* 1.67 ± 0.19 ^ M 
Target SD 0.095 
Number of results 31 
Plymouth mean laboratory result (n=4) 1.4S^M 
Consensus mean and SD of all results** 1.66 ± 0.28 
** Consensus mean = calculated fiom laboratory analyses during the intercomparison 
study. 
3.5 CONCLUSIONS 
Variability in the physico-chemical paramet^ e.g. salinity, calcium concentration and 
baaerial presence/nutrient uptake existed between all four sites studied, thus making it 
difficult to select one reliable storage treatment. River Frome sub-samples proved to be 
the most problematic for maintaining FRP concentrations, especially during freezer 
treatment, as coprecipitation o f inorganic phosphate with calcite occurred after thawing o f 
the samples (House ei a/., 1986). The most effective storage treatment proved to be 4 **C 
with chloroform, which showed complete stability for the duration of both studies 
(February and Oaober 1999). 
TON and FRP concentrations in Tamar 0, 10 and 35 7oo sub-samples remained stable 
using both freezer treatments (-20 **C and -80 **C) throughout the duration of both studies 
(February and October 1999). Sub-samples stored at 4 **C showed immediate decreases 
afrer day 0, leading to near complete consumption of FRP by day 86 for Tamar 34 7oo and 
by day 247 for both Tamar 0.5 7oo and 10 7oo (February, 1999). The 4 **C treatment proved 
to be inefficient in maintaining TON and FRP concentrations in all three controls, while 
freezing (-20 **C) provided complete stability for the duration of the 247 day study, 
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Overall, the optimum storage conditions for the determination of TON and FRP were 
highly matrix dependent, with differences in FRP stability between the Frome and Tamar 
catchments. This disparity is believed to be the result of differences in calcium 
concentrations (Frome - 2.40 mM; Tamar - 0.50 mM) and varying salinity (due to different 
baaerial populations and/or dissolved organic matter). Therefore, in the absence of in situ 
measurements, it is essential to design an appropriate site-specific protocol before 
undertaking any sampling programme for the determination of nutrients in natural waters, 
especially in the case of FRP. Based on the findings presented in this chapter, such a 
protocol should take into account the following general guidelines: 
1. Design and implementation of a rigorous cleaning procedure to avoid nutrient 
contamination (as presented in this chapter). 
2. All sample containers should be of high quality, inert material such as HOPE. 
3. Filtration should be performed in the field with a low-pressure gradient (< l atm across 
membrane) to avoid lysis of biological cells, releasing enzymes that could liberate 
nutrients. 
4. Storage at 4 T without chemical treatment is not recommended for samples, and 
calcium rich sample matrices should not be frozen in order to avoid precipitation of 
phosphate. 
5. Filtered samples should be analysed as quickly as possible, ideally within 8 h of 
collection. 
6. Chemical treatment should not be used in samples rich in dissolved organic matter to 
avoid the release of cellular enzymes. 
7. A more thorough investigation of the biology should be undertaken, as the lack of time 
in this study did not allow full characterisation. 
Phosphate results fi-om an external intercomparison study for nutrients in seawater, along 
with in-house controls used during the storage studies, provided quality analytical 
assurance with respect to our analytical procedure. The performance characteristics o f our 
80 
method, in terms of bias for example, have been demonstrated by satisfactory results from 
the z-scoring system during the intercomparison study. In addition, our mean measured 
phosphate value (both bottles) was 1.45 ± 0.03 | i M , within the intercomparison study 
consensus mean ±2s of 1.66 ± 0.28 ^iM and assigned mean ±2s of 1.67 ± 0.19 ^iM. 
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CHAPTER FOUR 
Design and Deployment of a Portable Flow 
Injection Based Phosphorus Monitor 
4.1 INTRODUCTION 
There are extensive data on instantaneous (grab sample) phosphorus concentrations in 
rivers but very little information that shows short-term changes in phosphoms 
concentration occurring, for example, immediately before, during and after a rain event. As 
shown in Chapter 2, such information is essential for building improved models for 
predicting the transport and biogeochemical behaviour of phosphorus in catchments. 
Consequently, field instrumentation capable of acquiring high quality analytical data with 
good temporal resolution, i.e. every 15-30 min, would be a useful development in its own 
right. Previous field FI systems have typically incorporated solid-state detection based on 
light-emitting diodes (LEDs) and photodiodes (Trojanowicz et a/., 1990), peristaltic pumps 
and text-based software. Such solid-state detection is limited in that it can only provide an 
integrated response over the spectral bandwidth of the LED (typically 20-30 nm). In 
addition, peristaltic pumps require frequent recalibration and maintenance as well a regular 
replacement of pump tubing. The use o f text-based software allows instrument control, but 
is difficult to use and has limited data acquisition and processing capabilities. 
This chapter describes the design, optimisation and analytical performance of an in sitit 
flow injection (FI) monitor in the laboratory and its evolution during field trials for high 
temporal resolution monitoring of phosphorus in the River Frome. The monitor 
incorporated a miniature diode array detector, self-priming micropumps, electronic 
switching valves for controlling the fluidics, a graphical programming environment and a 
tangential flow filtration unit to remove suspended particulate matter. The instrument 
reported therefore provides major advantages in terms of spectral acquisition and signal 
processing, component reliability and ease of operation. 
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4.2 EXPERIMENTAL 
4.2.1 REAGENTS AND STANDARDS 
All solutions were prepared in ultra-pure wato* (Elga Maxima®, 18.2 MQ) and all reagents 
were of AnalaR (or equivalent) grade and purchased from BDH, UK unless otherwise 
stated. Ail containers, bottles and glassware used during this study for manipulating and 
storing reagents, samples and standards were first cleaned overnight with nutrient free 
detergent (Neutracon®, Decon Laboratories, UK), rinsed three times with ultra-pure water 
and soaked in 10 % (v/v) HCI for at least 24 h. All were then rinsed three times with ultra-
pure water and dried at room temperature. 
a) F I METHOD 
The optimum concentrations for the two phosphorus reagent streams were: ammonium 
molybdate solution (10 g L~* ammonium molybdate in 35 ml L~' sulphuric acid), and tin(II) 
chloride solution (0.2 g L"* tin(II) chloride and 2 g L* hydrazinium sulphate in 28 ml L * 
sulphuric acid). Working standard solutions in the range of 0.8 - 10.0 | i M PO4 were 
prepared by dilution from a 3 mM stock solution (0.4393 g o f oven dried potassium 
dihydrogen orthophosphate diluted to 1000 ml with water). The carrier stream was ultra-
pure water. 
b) B A T C H METHOD 
The three reagents used for batch determination were, ammonium molybdate (15 g diluted 
to 500 ml with ultra-pure water), ascorbic acid (5.4 g diluted to 100 ml with ultra-pure 
water) and potassium antimonyl tartrate (0.34 g diluted to 500 ml with ultra-pure water). 
Working standard solutions in the range 0.3 - 12.0 |JM PO4 were prepared by dilution from 
a 3 mM stock solution (0.4393 g of oven dried potassium dihydrogen orthophosphate 
diluted to 1000 ml with ultra pure water). 
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4.2.2 INSTRUMENTATION 
Key components of the FX monitor are the manifold (including fluidics), a solid state 
detector, graphical communication and a sample presentation system which are described 
in detail below. 
4.2.3 MANIFOLD DESIGN 
The phosphorus FI manifold used is shown in Figure 4.1 and based on a published design 
(Benson et a/., 1996). It consisted of four solenoid-operated self-priming micropumps 
(Bio-Chem Valve series 120SP12-25, PD Marketing, Chichester, UK) connected to 
solenoid switching valves (Bio-Chem Valve series 075T12-31, PD Marketing) with PTFE 
tubing (0.8 mm i.d.). 
Sample 
Canier 
Anamonium. 
Molybdate 
Tin(I I ) 
Chloride 
ml min*' 
0,58f; 
o:58 
Sample 
(130 jxl) 
30 cm 30 cm 90 cm 
7l0iim 
Figure 4.1 F I manifold for the determination of PO4 in freshwaters. 
Figure 4.2 shows the fluidic layout of the FI phosphorus monitor. Switching valves were 
set to normally open - common (NO/COMM) when de-energised and to normally closed -
common (NC/COMM) when power was supplied to the valves. All micro-pumps and 
switches were operated by 12 V DC supplied from a portable power supply (+12V, 2.5 A, 
Bestec. UK). 
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Figure 4.2 Fluidics of the automated E l monitor for PO4 determination. 
A prototype instrument, used to determine nitrate in the River Frome, has been previously 
reported (Coles et al., 2000) and deployed on a limited basis in the River Frome. The 
current instrument (Figure 4.3) has improvements in analytical design and technical 
modifications for increased reliability during field use and are discussed in progression 
later in this chapter in the results of laboratory and field trials. An Ocean Optics PSD-1000 
miniature fibre-optic spectrometer (Anglia Instruments Ltd., Cambridge, UK) consisting of 
two 1024 element linear CCD arrays was used for detection. Figure 4.4 shows the 
schematic diagram of the spectrometer optical bench. 
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Figure 4.3 Schematic diagram of the complete F I system for PO4 determination with an insert showing the PVC flow cell. 
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Figure 4.4 Schematic diagram of Ocean Optics PSD-1000 spectrometer 
bench. 
The master channel (fitted with a cylindrical quaru collection lens) with 600 lines mm ' 
diffraction gratings blazed at 300 nm, enabled a spectral range of 200-700 nm The slave 
channel (fitted with both a collimating lens and a 2 mm optical glass cut-off filter) with 
600 lines mm'' diffraction gratings blazed at 750 nm, enabled a spectral range of 500 -1000 
nm The optical assembly was arranged in a Czemy-Turner configuration, with two 
spherical mirrors and a fiat holographic grating working in first order light Full 
performance specifications of the PSD-1 OCX) Ocean Optics spectrometer are shown in 
Table 4.1. 
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Table 4.1 PerformaDce specifications of the PSD-1000 Ocean Opt 
spectrometer. 
ICS 
Parameter Specificiition ConuDcnts 
Waveleogth range 200 - 700 nm (Master) 
500- 1000 rnn (Slave) 
UV-Vis 
Vis/Near IR 
Resolution 12 nm 200^m fibre 
Wavelength accuracy <± l.5nm Daily deviation fiom Hg/Ar hne 
source over 5 weeks. 
Wavelength reproducibility <± 1.5 nm Daily deviation fiom Hg/Ar Une 
source over 5 weeks. 
Photometric accuracy + 0.019 A.U.* 
5 averaged scans of KMn04 
standard @ 1 A.U. 
Photometric noise 
0,018 A.U. peak-to-peak 
0.086 A.U. peak-to-peak 
15 min scan @ 0.5 A.U. 
(KMnO^). 
15 min scan @ 1.5 A.U. 
(KMn04). 
Photometric stability 0.019 A.uyh Scan @ 1 A.U. (KMn04). 
* A.U. will be used for absorbance (dimensionless parameter) for clarity 
The light source (specifications are shown in Table 4.2) for all laboratory and field 
experiments was a miniature halogen lamp (LS-1 Ocean Optics Inc.. Oriando, USA) with a 
10.000 h long-life bulb which had a 2800 K colour temperature. Data communication to 
and fi^om the spectrometer was performed using a type n PCMCIA DAQ-DIO-24 data 
acquisition card (National Instruments Corp.. Berks, UK) and a Toshiba Satellite 4030 
CDS notebook PC (Toshiba Information Systems Ltd., Surrey. UK). 
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Table 4.2 Miniature tungsten halogen light source specifications. 
Spedfkation • 
Spectral range 360-1000 nm 
Size 9.0x5.0x3.2 cm 
Weight 185 g 
Power input 12 V, 750 mA 
Power output 6.5 watts 
BulbUfe 10,000 h (long-life) 
Bulb output 7400 foot candles 
Thermal stabilisation 30-40 min for 100% 
Filter slot 3 nun 
Focal distance Approx. 12.5 mm, adjustable 
Connector SMA 905 
4.2.4 GRAPHICAL PROGRAMMING ENVmONMENT 
Automation of the manifold and data acquisition was controlled using an in-house 
graphical progranune (Labview™ 5.0, National Instruments Corp.). LabVIEW™ is a 
programme development application that employs a written Virtual Instrument (VI) in 
language G. G has two structures to repeat execution of a sub-diagram: the While Loop 
and the For Loop. The While Loop executes as long as the value at the conditional 
terminal is TRUE. The For Loop executes a set number of times. Other structures of G 
include case and sequence structures, attribute nodes, arrays, clusters and graphs to display 
data. With G, it is possible to save muhiple Vis in a single file called a V I library. These 
libraries have the same load, save and open capabilities as other directories. Vis contain an 
interactive user interface (front panel) containing knobs, push buttons, graphs and other 
controls and indicators (Figure 4.5). Vis receive instructions from a block diagram housed 
in the diagram window (Figure 4.6) which contains the pictorial solution to a programming 
problem and source code for the V I , LabVIEW™ operates in a hierarchical nature; after the 
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creation of a V I , it can be used as a sub-VI in the block diagram of a higher-level VI . The 
creation of an application starts at the top-level V I where the inputs and outputs are 
defined. Then sub-Vis can be constructed to perform the necessary operations on the data 
as it flows through the block diagram. I f the block diagram has a large number of icons, 
they can then be grouped into lower-level Vis to maintain the simplicity of the diagram. In 
general, a sub-VI is analogous to a subroutine in C. That is, there is no limit to the number 
of sub-Vis one can use in a Lab VIEW™ programme. 
4.3 RESULTS AND DISCUSSION 
4,3,1 MANIFOLD OPTIMISATION 
a) F L O W R A T E 
The original flow rates for all three reagent streams (carrier - 0.58 mL min"\ ammonium 
molybdate-0.86 mL min"' and tin(II) chloride- 0.58 mL min'*) from a published manifold 
(Benson et al., 1996) were tested in a univariate optimisation procedure. The following 
ranges were investigated: carrier = 0.25-0.75 mL min ', ammonium molybdate = 0.50-1.00 
mL min * and tin(II) chloride = 0.25-0.75 mL min V A decrease fi-om the published flow 
rates resulted in a decrease in the observed absorbance signal. When flow was increased, a 
similar decrease in absorbance was noticed. Based on the findings, it was decided that the 
original flow rates would be used for all further work. The time fi-om injection to peak 
maximum using these conditions was 77.0 + 0.6 s. 
b) MICRO-PUMP C A L I B R A T I O N 
Table 4.3 lists the calibration data obtained fiom the carrier and the two reagent micro-
pumps for the range 0-50 digital units. Linear equations obtained fi^om the calibrations 
were used to convert digital units to flow rates (mL min'*). Thus, 0-50 digital units 
corresponded to flow rate ranges of 0-2.0 mL min'*, 0-1.7 mL min'* and 0-1.6 mL min'* for 
carrier, reagent 1 (ammonium molybdate) and reagent 2 (tin(II) chloride) micro-pumps, 
respectively. The optimum flow rates for the carrier (0.58 mL min"'), reagent 2 (0.58 mL 
min *) and reagent 1 (0.86 niL min'*) corresponded to digital unit readings o f 15, 15 and 
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25, respectively. The flow rate for the sample pump was not important due to the addition 
of the external pumping unit (section 4.3.8) which filled the sample loop in the time 
specified on the panel controls. 
Table 4.3 Calibration data for the solenoid micro-pumps (0-50 digital units). 
Pump Gradient 
(mL min'^) digital unit' ' 
1^  
Carrier 0.0404 0.9982 
Reagent 1 0.0333 0.9958 
Reagent 2 0.0324 0.9990 
c) MULTI -WAVELENGTH CALIBRATION 
Due to the annual variability (1-5 \JM PO4) existing at the River Frome study site, it was 
deemed necessary to extend the analytical range of the FI monitor. Initial laboratory 
calibration attempts employed five phosphate standards covering the range 0.0-0.8 PO4 
giving linear calibration graphs (r^ > 0.998), with a gradient of 0.0043 absorbance units 
HM"' and an intercept of -0.009 absorbance units. The relative standard deviations (R.S.D.) 
for these standards were typically in the range of 0.0-1.3 % (n=3) and the limit of detection 
(calculated from the mean of the blank plus three times the standard deviation of the blank) 
was 0.67 (oM PO4. Al l measurements were made at 710 rmi (^ max) and processed by 
subtracting the absorbance at a norh^sorbing reference wavelength (447 nm). Figure 4.7a 
and 4.7 b compared the single (710 nm) and dual wavelength (710-447 nm) FI responses 
for the standards and clearly demonstrated the success of using the non-absorbing 
wavelength to remove the effect of pulsations caused by the micro-pumps. 
The linear calibration range of the FI instrument was extended by utilising the multi-
wavelength capabilities of the spectrometer to 0.0 - 50 nM PO4 by reducing the sample 
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volume injected from 130 to 90 ^il and monitoring at 650 nm (selected as the wavelength 
giving 50 % of maximum absorbance at 710 nm). This gave a linear calibration graph (r^ = 
0.994, n=6) with a gradient of 0.0034 absorbance units i iM" ' and an intercept of 0.009 
absorbance units. This shows that the linear range can easily be adjusted in the f i d d to suit 
local conditions and changing circumstances, e.g. during storm events, thereby improving 
its overall versatility for field deployment, 
d) REPRODUCIBILrrY 
Good reproducibility was observed throughout the calibration range reported above, with 
R.S.D.S typically < 3.0 % (n=7). Figure 4.8 also shows further evidence of instrumental 
reproducibility (R.S.D. =1.1 % ) , with three injections of a 4 nM PO4 standard. 
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Figure 4.8 Triplicate injection of a 4 PO4 standard monitored at 710-447 nm. 
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4.3.2 I N I T I A L RIV ER FROME FIELD T R L \ L (NOVEMBER 11-12, 1999) 
Figure 4 9 shows the automated phosphorus monitor during the initial sampling campaign 
on the River Frome within the CEH fluvarium enclosure (Figure 4 10), East Stoke, I>orset 
The fluvarium, a purpose built concrete structure with a glass roof, housed two separate 
flow controlled channels in which the River Frome was split The automated phosphorus 
monitor was placed just below one of the channels and a pumping unit arrangement was 
constructed from the channel itself to allow sample introduction River water was pumped 
up a vertical height of 2 m using a rotary pump (Cole-Parmer 7532-02) into a 500 ml 
beaker, drawn through a 0.45 ^mi cellulose acetate membrane filter using a Gilson 
MinpuIs-3 peristaltic pump into a acid-washed 125 ml HDPE bottle from where samples 
were taken The sampling cycle was set to sample every 30 min, but limited to only 1 
injection per sample in the automatic mode of the LabVIEW^ automated programme As a 
quality control (QC), a 5 loM PO4 standard was injected manually af\er every 4^-5^ 
sample. Calibration was then adjusted according to the QC result. The main goal of the 
initial field trial was to assess the inherent portability of the monitor, although limited 
calibration and sample data were collected 
Figure 4.9 Automated phosphorus monitor (initial) deployed at the CEH 
fluvarium. River Frome. 
Figure 4.10 CEH fluvarium housed on the River Frome. 
Overall, three calibrations (November 11-afternoon and evening and November 12-
moming) were performed using the range 0 0-8 0 P O 4 With the exception of the 2.5 
and 8 0 P O 4 standards on the November 11 - afternoon calibration and the 5 0 P O 4 
standard on November 12 - morning calibration, reproducibility between replicate 
injections were typically less than 8 % R S D (n=9) for pooled (all three) calibrations 
Linear regression coefficients for all calibrations were good (r^ = 0 991 - pooled data) 
With the exclusion of instrumental set-up, calibration and installation, the monitor ran 
sporadically over the period of two days (November 11-12, 1999) There were two main 
periods of downtime with the first occurring overnight on November 11 due to a mains 
power glitch which stopped the automated programme The other, during the afternoon of 
November 12, occurred as a result a blocked sample pump due to particulate matter, which 
could not be overcome in the field and thus ended the 2 day sampling campaign The 
blockage was corrected in the laboratory by the removal of the sample pump from the 
manifold and introducing a water stream reversibly through the pump by syringe action. In 
addition, movement of the conventional quartz flow cell occurred causing occasional loss 
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or distortion of the analytical signal throughout the field trial. Table 4.4 lists the 
concentration data and physico-chemical parameters during the two day field trial. 
Ambient air, river, and reagent temperatures, pH and conductivity were taken in 
accordance with sample injections. Due to variations in weather and the glass roof of the 
fluvarium enclosure, ambient temperature fluctuations occurred (13 °C - 21.5 "C). Reagent 
temperatures also varied with a minimum of 13.9 **C during morning hours and a high of 
18.2 **C during mid-day. The monitor's response to temperature variations (ambient and 
reagent) could not be fully assessed due to monitor reliability and lack of concentration 
data, but is discussed in detail during a later field trial (see section 4.3.8). River 
temperatures followed a normal diurnal cycle as expected, with small increments in river 
temperature progressing from morning to afternoon and a slight decrease as night 
approached. The relatively high conductivity and pH values observed were expected due 
to the chalk nature of the River Frome catchment (see section 5.3.4 for a detailed 
explanation of the chemistry of the River Frome). 
4.3.3 FLOW C E L L AND FIBRE OPTIC ADDITIONS (JANUARY-FEBRUARY 
2000) 
After the results of the initial field trial, it was deemed necessary to perform design and 
technical modifications in the laboratory to improve analytical performance and monitor 
reliability in the field. The conventional quartz flow cell was replaced by a rigid, in-house 
20 mm bore PVC flow cell incorporating 1 mm acrylic fibre optic cables (200 |am single 
core, Anglia Instruments Ltd). This setup was securely housed within the phosphorus 
manifold unit previously described, thus improving flow cell alignment and proving more 
robust for field transport and deployment. The phosphorus manifold showing the PVC 
flow cell incorporating 1 mm fibre optic cables is shown in Figure 4.11. 
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Table 4.4 Physico-chemical parameters of the initial River Frome field trial (November 11-12, 1999). 
Sample Time Concentration 
(^iM) 
Air Temp. Reagent Temp. 
CC) 
River Temp. pH Dissolved Oxygen 
( m g L ^ 
Conductivity 
(mS) 
Calibration 11 Nov 1999 
15:30 
N/A N/A N/A N/A N/A N/A N/A 
I 16:15 4.11 21.5 18.2 12.2 7.84 N/A 505 
2 17:00 4.12 20.5 18.2 12.2 7.93 N/A 499 
3 17:45 4,14 N/A N/A N/A N/A N/A N/A 
4 18:15 4.09 17.3 17.7 12.0 7.60 N/A 522 
5 20:15 4.11 16.5 16.9 11.9 7.48 N/A 508 
Calibration 21:15 N/A N/A N/A N/A N/A N/A N/A 
6 22:05 4.13 N/A N/A N/A N/A N/A N/A 
7 22:35 4.15 N/A N/A N/A N/A N/A N/A 
Run stop 23:00 N/A N/A N/A N/A N/A N/A N/A 
Calibration 08:30 N/A N/A N/A N/A N/A N/A N/A 
8 10:30 4.09 13.0 13.8 11.9 7.65 N/A 523 
9 11:00 4.00 13.9 13.8 12.0 7.56 N/A 540 
10 11:30 Misfire 16.5 14.1 12.0 7.69 N/A 509 
11 12:00 Misfire N/A N/A N/A N/A N/A N/A 
Blockage 12:30 N/A N/A N/A N/A N/A N/A N/A 
N/A = lack of data due to missed readings, ca ibrations and unattended runs. 
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Figure 4.11 Phosphorus manifold showing the PVC flow cell and 1mm 
fibre optic cables. 
After the addition of the new flow cell and fibre optic setup, a series of laboratory 
calibrations (0 1 - 10 0 ^iM P O 4 ) were performed to assess the analytical performance 
using the original optimised conditions. A typical calibration graph from these series of 
calibrations is shown in Figure 4 12 In this particular graph, a r^  value of 0.998 was 
achieved with a gradient of 0 0038 absorbance, fiM"' and an intercept of -0.0002 
absorbance In general, reproducibility between replicate injections were good, typically 
less than 5 % R S D. (n=12) for pooled (all four) calibrations Pooled linear regression 
coefficients for all calibrations were good (r^=0 995) 
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Figure 4.12 Dual wavelength (710-447 om) scan of a PO4 calibration series 
(1.0-10.0 
4.3.4 IN-HOUSE ANALYSIS OF REAL SAMPLES (21 FEBRUARY 2000) 
A set of real samples were collected and filtered using the procedure described in Chapter 
Three from six different locations (Rivers Inny, Lynher. Plym, Tamar, Tavy and Tiddy) in 
the Tamar catchment and analysed by the modified phosphorus monitor and compared 
with a laboratory-based reference FI manifold (Santamaria-Femandez, 2000). A 
calibration graph was first produced using the standard range 0.8 - 8.0 PO4 and 
showed a linear correlation coefficient of r^  = 0.996. Single bottles from each site were 
then analysed in triplicate within 6 hours of collection and compared with results from the 
reference FI manifold, A QC (5.0 f i M PO4) was introduced after the three injections from 
each site and calibration adjusted accordingly. A significance test comparing the measured 
means of the two methods was performed. With the exception of the River Tamar samples 
no significant differences at P = 0.05 were noticed between the two methods (Table 4.5). 
The Tamar samples were taken first and it is believed that losses in FRP were due to the 
time lapse between sampling and analysis (approx. 10 hr). In general, results show that 
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field data can be directly and positively compared with data fi-om a laboratory-based 
reference method. 
Table 4.5 Laboratory comparison of Tamar catchment samples. 
Site Monitor* 
(nM) 
Reference* 
(HM) 
Experimental value** 
ki 
Inny 1,66(0.091) 1.75(0.127) 0.52 
Lynher 1.21 (0.103) 1.03 (0.066) 1.69 
Plym 0.98 (0.034) 0.85 (0.067) 1.97 
Tamar 1.73(0.077) 1.48 (0.064) 2.87 
Tavy 1.69 (0,099) 1.81 (0.046) 1.27 
Tiddy 0,93(0,113) 0.85(0.136) 0.53 
• Standard deviation between measurements in paroitheses; ** Critical vahie \i\ = 2.78, Degrees of 
freedom = 4. 
4.3.5 LABORATORY MODIFICATIONS (MARCH-AUGUST 2000) 
Replacement of the conventional quartz flow cell with a rigid in-house flow cell 
incorporating fibre optics helped alleviate any problems associated with improper 
positioning or movement. However, results from the November 1999 field campaign 
reflected a need for several design modifications to further improve analytical performance 
and field reliability. Firstly, a secure, impact resistant IP67 rated polycarbonate box 
(Fibox, Finland) was incorporated to insure added protection during field use. Al l 
electronically based components (i.e. spectrometer, light source, controlling box) were 
securely housed inside, while all liquid materials (i.e. reagents, standards) were housed 
outside and directed in through sealed reagent lines. Al l electrical and conununication 
cables going to mains or peripheral devices (e.g. laptop) were directed out the box through 
sealed connections. 
To help alleviate problems associated with blockage of sample introduction, a tangential 
flow filtration unit (Cannizzaro et a/., 2000) was incorporated. Tangential flow filtration is 
designed to keep particles in suspension, thus minimising build up on the filter that would 
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uhimately lead to clogging The miniature size of this unit (Figure 4 13) and a rotary pump 
(Cole-Parmer 7532-02) used to draw sample from the river allowed it to be fully 
transportable to and from the field The lifetime of the filter in relation to the filtration of 
real samples is discussed fully in section 4 3 11. In addition, a series of programming 
modifications in Lab VIEW™ were undertaken to allow for replicate determinations and in-
field adjustment of the calibration range 
RING BINDER RULER 
Figure 4.13 Tangential-flow filtration unit deployed during field trials. 
4.3.6 RIVER FROME FIELD T R L \ L (OCTOBER 1-3, 2000) 
Except for the initial installation and deliberate stoppages for calibrations and subsequent 
changes of filters in the tangential flow filtration unit, the monitor ran continuously over 
the three day monitoring campaign River water was pumped into the lower section of the 
newly deployed filtration unit incorporating a 0.45 fim cellulose acetate filter (0 47 mm 
o d ) at ca 8 L min"' using the rotary pump Calibration was performed each morning and 
evening using the range 0.8 - 8 0 | i M PO4, with a 4.0 ^iM PO4 standard injected after every 
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fourth or fifth river sample as a QC, Calibration was then adjusted according to the QC 
result. A comparison of the data for the three field calibrations is given in Table 4.6. 
Reproducibility for rephcate injections of standards was typically < 4.0 % R.S.D. (n=3) 
and the pooled data also showed R.S.D.S of < 4.0 %, with a linear correlation coefficient of 
(r^) of 0.997. The QC sample was analysed 15 times over the three-day period and the 
results were all within 3.7 % (range 3,81 - 3,95 j i M PO4-P), showing that external factors 
did not significantly affect the response. 
Table 4.6 Field calibration d a t a for P O 4 obtained during the October 2000 
monitoring campaign. 
rpo4i 
(HM) 
n = 3 
Day 1 
Mean R.S.D. 
(AU) (%) 
Day 2 
Mean RS.D. 
(AU.) (%) 
Day 3 
Mean RS.D. 
(AD.) (%) 
Pooled data 
Mean R.S.D. 
(AU.) (%) 
0,8 0.0027 2.7 0,0021 3.7 0.0019 1.5 0,0020 2.6 
1,5 0.0040 6.0 0.0049 2.3 0.0040 2,7 0,0043 3.7 
4.0 0.0121 0,9 0.0135 4.3 0.0121 0.8 0.0126 2,0 
6.0 0.0168 1.0 0.0181 0.7 0,0166 2.3 0.0172 1.3 
8.0 0.0260 1,6 0.0276 2,0 0,0257 1.9 0.0263 1.8 
0.993 0.998 0.995 0.997 
Gradient 
(absortMoice units, ^M"') 
0,0038 0.0043 0.0038 0.0038 
Intercept 
(absorfoance unhs) 
0,0003 -0.0009 0.0004 0.0007 
An intercomparison study between the FI instrument and the batch method on 30 samples 
was undertaken. Samples were analysed immediately using the FI monitor and also 
collected manually (according to the method in section 3.2.3). stored and analysed later 
(within 8 h) using the batch method. A paired /-test showed no significant difference at P 
= 0.05 (the critical value of |/| was 1.96 and the calculated value of |/| was 0.88). The 
concentration profile over the course of the three day campaign, associated physico-
chemical parameters and the environmental significance of the data are discussed in 
section 5.3.6. 
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4.3.7 LABORATORY MODIFICATIONS (NOVEMBER 2000 - FEBRl ARY 
2001) 
From November 2000 - February 2001 a series of programming and design modifications 
were undertaken The programme previously adapted to allow replicate injections was 
again modified in order to control a 5 port motorised electronic valve (Omnifit 11500 
Series, Cambridge) The addition of the valve (Figure 4 14) allowed cycling of on-board 
standards/samples to be injected in the automatic mode Problems arose, however, as the 
limited drawing action of the micropump prevented the introduction of sample/()C from 
the filtration unit/standard container, through the valve and into the phosphorus manifold 
As the sample micropump was insufficient in taking up the sample/()C, it was deemed 
necessary to install an externally mounted peristaltic pump (Ismatec, Model SA) This 
addition did not have an effect on analytical performance or operational procedure as the 
sample pump was only used to f i l l the sample loop 
Figure 4.14 5 port motorised electronic valve. 
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4.3.8 RIVER FROME FIELD T R I A L (FEBRUARY 19 - 21,2001) 
A field trial was undertaken fi-om February 19 - 21, 2001 to assess how the design and 
programming modifications described in the previous section affected the analytical 
performance and field reliability of the monitor. Unfortunately, there were several 
technical problems limiting the accurate and representative analysis of River Frome 
samples. Firstly, the newly installed sample pump worked intermittently due to 
programming and/or electrical faults. This, in collaboration with a leak around the seams 
of the tangential flow filtration unit, prevented proper and continuous sample uptake into 
the phosphorus manifold. In addition, problems occurred with the 5 port electric valve 
causing intermittent switching or no response at all. Again, electrical and/or programming 
faults were to blame. An external peristaltic pump was introduced to help correct 
problems with sample introduction, but the filtration unit continued to leak. It was decided 
to abandon any attempt at collecting accurate sample data. Instead, the effect of ambient 
and reagent temperatures on monitor performance was assessed as large fluctuations 
occurred in the fluvarium throughout the three days. During this study, the external 
peristaltic pump was used to re-route known standard concentrations fi-om the problematic 
electric valve directly into the manifold. During the calibration studies, the air temperature 
within the polycarbonate box was kept constant (28 ± 1.7 C) due to insulating effect of 
the transparent, plastic lid. Table 4.7 lists the calibration results during the field trial with 
varying reagent temperatures. No significant differences in gradients were shown, 
therefore response was not affected by temperature variation in the range of 7.5 - 17.5 **C 
due to the insulating effect of the polycarbonate box. For more extreme temperature 
fluctuations a heating source within the box and for all reagents and standards would 
possibly be needed. 
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Table 4.7 River Frome calibration results 
temperatures. 
over varying reagent 
[P041 
(jiM) 
7 ^ • € 
Mean R.&D. 
(AU.) (%) 
10.4 ' C 
Mean RS.D. 
(AU.) (%) 
133 • € 
Mean RS.D. 
(AU.) (%) 
17.5 ' C 
Mean R&D. 
(AU.) (%) 
1.0 0.0030 8.0 0.0031 7.6 0.0025 2.8 0.0022 1.6 
2.5 0,0060 4.7 0.0071 11.3 0.0064 3.8 0.0062 1.1 
5.0 0.0102 5.2 0.0144 5.4 0.0113 2.1 0.0113 1.9 
8.0 0.0165 3.0 0.0194 3.8 0.0169 1.4 0.0187 1.1 
10.0 0.0224 2.3 0.0245 1.5 0.0211 5.5 0.0235 2.1 
r^  0.993 0.992 0.997 0.999 
Gradient 
(absortHtnce, vM"^) 
0.0021 0.0024 0.0021 0.0023 
Intercept 
(absorfoance) 
0.0004 0.0009 0.0007 -0.0005 
The effects of both ambient and reagent temperatures on the peak areas of an 8.0 joM PO4 
standard over time were also studied. During the ambient temperature study, the lid was 
removed from the polycarbonate box, thus allowing the temperature around the 
spectrometer and electronic components to vary. All reagents and the standard solution 
were sealed in polystyrene filled bags to maintain a constant temperature (15.0 ± 1.2**C). 
During the reagent temperature study, the lid was replaced and the reagents and standard 
allowed to adjust to ambient temperature. Triplicate injections of the 8.0 \JM PO4 standard 
were performed every thirty minutes over the course of the 6 h (ambient) and 8 h (reagent) 
studies. Peak areas were measured by an in-house designed Lab VIEW™ programme. Over 
the ambient temperature range of 11.9 - 19.4**C, the peak areas remained feirly constant 
(0.1739 - 0.1771). However, from 10.9 **C peak areas began to lessen, uhimately dropping 
to a value of 0.1439 at 8.3 The effect of reagent temperature on peak areas was less 
pronounced than that of ambient temperature studies. However, peak areas in general were 
less at lower temperatures with mean values of 0.1755 and 0.1804 for 8.9 - 11.0**C and 
11.9-15.6 X respectively. 
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4.3.9 RIVER FROME FIELD TRfAL (APRIL 9-12, 2001) 
In April 2001, the monitor was again deployed after a series of programming modifications 
to help correct valve problems that occurred in the previous trial. In addition, an extra 
rubber gasket was incorporated into the filtration unit to help prevent leakage. A 
comparison of the data for the field calibrations is given in Table 4.8. Reproducibility for 
replicate injections of standards was typically < 5.0 % R.S.D. (n=3) and the pooled data 
showed a linear correlation coefficient of (r^) of 0.998. The automatic injection of the QC 
(5.0|iM PO4) after samples was performed intermittently due to the re-occurrence of valve 
problems. A loose connection in the valve control board, rather than the actual 
programme, was believed to be the major cause for this problem. In total, automatic 
injection of the on-board QC was performed after 33 of the 80 samples (41 %) . All others 
were injected manually with the calibration adjusted accordingly. With the exception of 
minor downtimes due to leakage fi-om loose fittings, calibrations, valve maintenance, 
collection of manual samples and changing of membrane filters, the monitor ran 
continuously over the course of the three day trial. The concentration profile over the 
course of the three day campaign, associated physico-chemical parameters and the 
environmental significance of the data is discussed in section 5.3.6. 
4.3.10 RIVER FROME FIELD TRIAL (MAY 28 - 31, 2001) 
In the weeks following the previous field trial, an examination of the valve connections 
revealed a loose wire on the control board that was subsequently re-soldered. An additional 
modification was performed on the progranmie to help control the timing between cycles. 
In May of 2001, the monitor was again deployed on the River Frome. Two problems were 
initially encountered after monitor setup. Firstly, no response was noticed for all reagent 
pumps. A loose connection was noticed and corrected in the central controlling box. In 
addition, a high baseline occurred just before the first calibration, which was corrected by 
changing all reagent solutions and the ultrapure water carrier. A comparison of the data for 
the field calibrations is given in Table 4.9. In general, reproducibility between replicate 
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Table 4.8 Field calibration data for PO4 obtained during the April 2001 monitoring campaign. 
(RM) 
Calibration 1 
Mean RS.D. 
(A.U.) (%) 
Calibration 2 
Mean RS.D. 
(A.U.) (%) 
Calibration 3 
Mean RS.D. 
(A.U.) (%) 
Calibration 4 
Mean RS.D. 
(A.U.) (%) 
Calibration 5 
Mean RS.D. 
(A.U.) (%) 
Pooled data 
Mean R&D. 
(A.U.) (%) 
1.0 0.0029 2.9 0.0034 7.3 0.0055 6.2 0.0024 1.5 0.0024 1.6 0.0033 38.4 
2.5 0.0038 3.8 0.0063 6.1 0.0094 5.6 0.0078 4.3 0.0072 3.1 0.0069 29.7 
5.0 0.0097 2.3 0.0116 3.1 0.0150 1.5 0.0135 0.90 0.0134 0.99 0.0126 16.0 
8.0 0.0156 2.3 0.0213 3.4 0.0213 3.7 0.0210 2.2 0.0216 2.8 0.0201 12.6 
10.0 0.0218 2.8 0.0259 2.2 0.0266 1.4 0.0275 4.8 0.0275 4.8 0.0259 9.0 
0.990 0.992 0.998 0.995 0.994 0.998 
Gradient 
(absoibancc, nM"') 
0.0022 0.0026 0.0022 0.0027 0.0027 0.0025 
Intercept 
(absoibance) 
-0.0009 0.0005 0.0004 0.0003 -0.0004 0.0006 
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Table 4.9 Field calibration data for PO4 obtained during the May 2001 monitoring campaign. 
[P04] 
(pM) 
n - 3 
Calibration 1 
Mean R.S.D. 
(A.U.) (%) 
Calibration 2 
Mean R.S.D. 
(A.U.) (%) 
Calibration 3 
Mean R.S.D. 
(A.U.) (%) 
Calibration 4 
Mean RS.D. 
(A.U.) (%) 
Calibration 5 
Mean RS.D. 
(A.U.) (%) 
Pooled data 
Mean ItS.D. 
(A.D.) (%) 
1.0 0.0018 1.4 0.0018 2.3 0.0018 3.0 0.0017 2.3 0.0017 1.1 0.0018 2.5 
2.5 0.0050 3.8 0.0049 4.2 0.0049 3.6 0.0049 7.7 0.0055 2.8 0.0051 5.1 
5.0 0.0110 5.1 0.0123 4.4 0.0109 8.1 0.0109 2.1 0.0110 4.4 0.0112 5.1 
8.0 0.0175 1.6 0.0161 2.1 0.0167 1.2 0.0170 4.1 0.0162 3.1 0.0167 3.4 
10.0 0.0226 5.7 0.0215 7.5 0.0215 1.6 0.0216 3.2 0.0225 8.0 0.0219 2.5 
0.998 0.989 0.999 0.998 0.994 0.997 
Gradient 
(absoibance, M\f') 
0.0023 0.0021 0.0021 0.0022 0.0022 0.0022 
Intercept 
(absoibance) 
-0.0002 0.0005 -0.0005 -0.0001 -0.0002 -0.0003 
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injections was good with R.S.D.S typically < 5.0 % (n=3) and the pooled data showed a 
linear correlation coefficient of (r^) of 0.997. The functioning of the valve was improved, 
but switching problems were still encountered. During the last overnight run samples 
were injected in triplicate every 30 min, but switching to the QC position did not occur. A 
loss of analytical signal occurred around 12:00, May 29 in the automatic mode. 
Spectrometer disconnection/re-connection, in addition to re-starting the computer 
programme, remedied this problem. In addition, a major leak occurred at the inlet of the 
carrier pump around 02:00. May 29, resulting in unusable data until the next series of runs. 
4-3.11 AUTOMATED MO^aTOR MODIMCATION/RELIABILITY 
As shown, the monitor evolved over the course of this project from a previously reported 
prototype nitrate monitor (Coles ei al., 2000) into a fiilly housed, automated phosphorus 
monitor incorporating on-board standards and a tangential flow filtration unit. Successful 
field deployment has been shown, but the monitor is not without faults and design 
limitations (Table 4.10) and additional field deployments are needed to assess reliability. 
4.3.12 LABORATORY FILTRATION STUDY (JULY 21 - 22, 2001) 
Two identical, 6 h studies involving the filtration of 5 L of River Frome sample were 
performed in the laboratory to examine the clogging efficiency and potential memory 
effects of 0.45 |im cellulose acetate membrane filters in relation to FRP concentration in 
the filtrate. The 5 L samples were continuously pumped through the tangential flow 
filtration unit over the 6 h studies, across a single membrane filter and the filtrate analysed 
under normal field procedures (calibration, three injections of sample/QC (5.0 ^iM PO4) 
every 30 min). Figure 4.15 shows time of filtration versus absorbance readings (sample 
and QC) and concentration (FRP) for the July 21 and July 22 studies, respectively. As 
shown, only small changes in concentration over the 6 h studies were observed and such 
changes were due to the resolution of the system. The readings are recorded in A/D 
counts, scaled 0 - 4095, which correspond to the voltage output of the detector circuitry. 
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Table 4.10 Reported monitor faults/limitations and associated corrections 
and modifications during laboratory and field trials. 
Date \ / : ; ; - ' Fauh/Libaitation-'^  "Conr«tion/Modifi,cati6n^ '^^ '^- ; 
12 Nov 1999 Blocked sanq)le pump during 
initial field trial. 
Particulate matter removed in the 
laboratory by syringe ac^on. 
12 Nov 1999 Loss or distortion of analytical 
signal during initial field trial. 
Laboratory rq)lacement of quartz 
flow cell with a rigid, in-house 
flow cell. 
Mar 2000 Exposure of monitor components 
to environmental conditions. 
An impact resistant polycarbonate 
box was incorporated to house 
components. 
Aug 2000 Blodcage of sample pump due to 
particulate matter. 
Incorporation of a tangential flow 
fittration unit. 
Aug 2000 Rq)licate determinations only 
performed in manual mode. 
Programming modification to 
allow replicate determinations in 
automatic mode. 
01 Oct 2000 Programme stoppage during field 
trial. 
Re-booted computer programme. 
Nov-Dec 2000 Lack of on-board standard. Installation of 5 port electronic 
valve. 
Nov-Dec 200 Automatic control of 5 port 
electronic valve. 
Progranuning modificadoa 
Jan-Feb2001 Micro-sample pimip insu£Eicient in 
drawing sample/standard from 5 
port electronic valve. 
Installation of externally mounted 
peristaltic pump. 
19-21 Feb Intermittent functioning of the 
sample pump. 
Loose connection rqiaired. 
19-21 Feb Intermittent functioning of the 5 
port electronic valve. 
Electrical ^ uh remedied. 
19-21 Feb Leaking filtration unit. Addition of an extra gasket. 
10 Apr 2001 Progranmied stoppage during field 
trial. 
Re-booted computer prc r^anune. 
11 Apr 2001 Intermittent functioning of the 5 
port electronic valve. 
Loose connection re-soldered in 
laboratory. 
11 Apr 2001 Leakage of carrier pump. Loose fitting changed. 
28 May 2001 No response fit)m sample and 
reagent pumps. 
Loose coimection in control box 
corrected. 
28 May 2001 High baseline absorbance 
readings. 
Changed all reagents and ultra-
pure water. 
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Figure 4.15 Filtration versus absorbance readings (sample and QC) and concentration (FRP) for both the July 21 (la and 
lb) and Julv 22 ^ 2a and 2b) studies. Error bars = ±3s. 
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Each pixel in the detector has its own calibration function because of the spectral variation 
of the lamp output and grating and detector efficiency. The normalisation proc^ure 
performed at each pixel to calculate absorbance is: 
A = -log ({S-D)/iR-D)) Equation 4.1 
where A = absorbance; D = dark-the signal recorded with the light path blocked; R = 
reference-the signal with reagent only and S = spectra of the sample. The smallest change 
in the A/D is one count and the effect on measured absorbance is shown in the following 
adjustment of Equation 4.1: 
A = log R/S = 4095/4094 = 0.0001 
which gives a resolution of detection of 0.0001 absorbance units. Since the observed 
changes in concentration were related to changes in signal of the order of 0.0001 
absorbance units (Figure 4.15), it can be concluded that there were no significant memory 
effects or artifacts from the filter over the 6 h experiments, thus demonstrating the 
effectiveness of the scouring action of the tangential filtration process. 
4.4 CONCLUSIONS 
The FI field monitor described in this chapter is effective and reliable for measuring PO4 in 
freshwaters. with a detection limit of 0.67 ^ M and the ability to respond to changes in 
environmental conditions by adjusting the wavelength used for detection. The monitor can 
sample with high temporal resolution (every 30 min) which is necessary to measure short-
term changes in PO4 concentration. In addition, the acquired data can be used to refine the 
export coefficient model (Chapter 2) for phosphorus loading in the Frome catchment. The 
following specific conclusions can be drawn from the research reported in this chapter: 
1. Self-priming micro pumps and miniature solenoid valves provided a viable alternative 
to conventional peristaltic pumping systems. 
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2. Full spectral acquisition obtained by the Ocean Optics PSD - 1000 array detector 
allowed the dynamic range of the monitor to be adjusted in the field to meet local 
environmental conditions by monitoring at different wavelengths. 
3. Instrument control, data acquisition and data processing were performed automatically 
by Lab VIEW™, an in-house graphical programme environment. 
4. Deployment of the phosphorus monitor with the acquisition of high quality analytical 
data with good temporal resolution (every 30 min). Data was in good agreement vnih 
the results from a laboratory based batch method. 
5. The tangential flow filtration unit proved successfiji in preventing membrane filler 
clogging, thus avoiding any memory effects or artifacts that could alter sample 
concentration. 
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CHAPTER F I V E 
Environmental Interpretation of River Frome 
Physico-Chemical Parameters 
5.1 INTRODUCTION 
The geology of the River Frome catchment was previously described in section 2.2.1 as 
being predominately chalk-based, and, as mentioned in section 1.1.2, numerous 
mechanisms are involved in the biogeochemical behaviour of phosphorus in such systems. 
Chalk-based catchments show seasonal fluctuations in pH, dissolved carbon dioxide and 
calcium carbonate concentrations (Neal et al., 2000). Fluctuations in pH arise fi-om 
variations in productivity, while dissolved carbon dioxide provides an important indication 
of the balance between photosynthesis rates, carbon dioxide transfer at the sediment-water 
interface and precipitation. Examination of these important water quality indicators in 
combination with discharge and climatic conditions will therefore give an indication of the 
dominant processes affecting the concentrations of phosphorus in the River Frome at East 
Stoke. In addition to naturally induced variations in the levels of phosphorus, there may 
also be variations resulting fi-om reductions in sewage inputs due to the introduction of 
tighter regulations (see section 1.2,2). 
This chapter therefore examines historical physico-chemical data in order to identify the 
factors affecting phosphorus levels in the River Frome. In addition, environmental 
interpretation of data from recent short-term, high temporal monitoring campaigns using 
the FI monitor discussed in Chapter 4 deployed in the River Frome are discussed in 
relation to historical levels. 
5.2 E X P E R I M E N T A L 
5.2.1 HISTORICAL DATA SOURCES 
Phosphorus, alkalinity, calcium, conductivity and pH data (three to five times monthly) for 
the River Frome were obtained by CEH, Dorset. River discharge and rainfall data (daily) 
were obtained from the Environment Agency, Exeter. 
116 
5.2.2 HISTORICAL SAMPLE COLLECTION AND WATER QAULITY 
PARAMETERS 
Sample collection and analysis was as previously described in section 2.2.4. On-site 
measurements of conductivity and pH were taken by CEH at the time of collection using 
Mettler Toledo modules and probes, with calibration immediately prior to use. Total 
alkalinities were measured by Gran titration against 0.05 M HCI using pH 4 and 7 buffers 
and a Titrino 702 Autotitrator (Metrohm Ltd., Switzerland)(Leach, 1999). The 
determination of calcium was performed by titration with EDTA at pH values between 12 
and 14 (Smith, 1994). 
5.2.3 RIVER FROME FIELD TRIALS AND WATER QUALITY PARAMETERS 
Samples for FRP determination were analysed by the FI monitor reported in Chapter 4 
according to the methods described for each River Frome field trial. Samples for TP 
determination were collected from the River Frome water column at mid-stream/mid-depth 
by an autosampler (EPIC, model 1011), thoroughly mixed and analysed at the CEH, Dorset 
laboratory according to the method described in section 2.2.4. On-site measurements of 
conductivity (Hanna Instruments - Model HI 9635, Italy), pH and temperature (Hanna 
Instruments - Model HI 9025, Italy) and dissolved oxygen (Yellow Springs Industrial -
Model YSI 580H, U.S.A) were taken in relation to FI analysis of samples for FRP 
determination. 
5.3 RESULTS AND DISCUSSION 
5.3.1 mSTORICAL RAINFALL AND RIVER DISCHARGE CHARACERISTICS 
IN THE RIVER FROME (1970-2000) 
The highly permeable nature of chalk systems means that the River Frome catchment is 
primarily groundwater fed. As a result, the hydrograph response to rainfall, as shown in 
the comparison between mean monthly rainfall and river discharge for the catchment from 
1970 - 2000 (Figure 5.1), is damped. For example, the highest mean monthly rainfall 
values occurred during November (123 mm) and December (143 mm) whereas the highest 
mean monthly discharges occurred during the months of January (8.28 m"* s"') and 
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February (7.47 m'' s"'). On an annual basis, total rainfall varied from a low of 721 mm in 
1975 to a high of 1219 mm in 1972. The spring and summer periods of 1976 had an 
exceptionally low rainfall, which agrees with reported drought conditions that existed 
during this time period (Marsh and Sanderson, 1997). Figure 5.2 shows the annua! 
(minimum, mean and maximum) variations in discharge in the River Frome (1970-1997). 
The period of 1993-1996 showed a greater mean discharge (6.85 m** s*') compared with the 
mean of all other years (5.70 m"^  s"*). Annual maximum discharge values showed greater 
variation, likely due to the nature of storm events during autumn/winter months. 
Discharge in relation to FRP and TP concentrations are discussed in sections 5.3.4 and 
5.3.5, respectively. 
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Figure 5.1 The relationship between rainfall and river discharge in the River 
Frome catchment from 1970 - 2000. 
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Figure 5.2 Yearly minimum, mean and maximum river discharge (m'' s~') in the 
River Frome (1970 - 2000). 
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The hydrograph response of the River Frome catchment can further be classified in terms 
of its Base Flow Index (BFI). The BFI is defined as the measured proportion of a rivers 
runofif that derives fi-om stored sources (Institute of Hydrology. 1980). A computer 
programme applies smoothing and separation rules to recorded flow hydrographs fit>m 
which the index is calculated as the ratio between the flow under the separated baseflow 
hydrograph to the flow under the total hydrograph. Table 5.1 lists the 12 classes of base 
flow indexes along UK river stretches. Those that have a quick runoff response have lower 
BFI values, and those that have a slow, more sustained response correspond with higher 
BFI values. In a 1992 study, a B¥l index of 0.84 was calculated for the River Frome at 
East Stoke (Gustard e( a/., 1992), which compares well v^th other carbonate bearing UK 
rivers such as the River Kennet - 0.87 (Neal et a/,, 2000) and River Thames - 0.72 (Neal 
e/o/., 1998a). 
Table 5.1 Base Flow Index along UK river stretches. 
••:>:^-;^-^lndMrV:i^-:L^ 
1 0.00-0.24 
2 0.25-0.29 
3 0.30-0.34 
4 0-35-0.39 
5 0.40-0.44 
6 0.45-0.49 
7 0,50-0.54 
8 0.55-0.59 
9 0.60-0.64 
10 0.65-0.69 
11 0.70-0.74 
12 >0.75 
5.3,2 T H E B I C A R B O N A T E - C A R B O N A T E ^ A R B O N DIOXIDE E Q U I J B R I U M 
AND pH 
As mentioned in section 1,1.2, dissolved COj is important in regulating the pH and 
calcium saturation of natural waters. As CO2 enters the water it dissolves to form soluble 
CO2. This, in turn, reacts with water to form undissociated carbonic acid {H2CO3). which 
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dissociates and equilibrates as bicarbonate (HCO3) and carbonate (CO3") according to the 
equation (Home and Goldman, 1995): 
CO,^^y » CO,,,, < _ ^ / / , C 0 , <o HCO.- + o c o r + 2H ' 2 ( 0 Equation 5.1 
The relative fractions are pH dependent and are shown schematically in Figure 5.3. In 
theory, gases obey Henry's Law which states that at a constant temperature the amount of 
gas absorbed by a given volume of liquid is proportional to the pressure (in atmospheres) 
that the gas exerts and can be represented by the equation (Cole, 1979): 
c = kxp Equation 5.2 
where c = the concentration of gas that is absorbed (moles, mg L'* or ml L"'); p = partial 
pressure that the gas exerts and * = a solubility factor. However, Henry's Law does not 
allow for the effects of complexes such as COi^\ CaHC03^ CaCOs and CaOH" which can 
be prevalent in higher pH watCTS like the River Frome. 
100 
Free COo 
pH 
12 13 
Figure 5.3 Influence of pH on the proportions of inorganic carbon species in 
natural waters (rrom Allan, 1995). 
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5.3.3 fflSTORICAL P H Y S I C O - C H E M I C A L P A R A M E T E R RELATIONSHIPS 
IN T H E R I V E R F R O M E (1990-1997) 
Tables 5.2 and 5.3 list the annual and seasonal (monthly) physico-chemical parameters of 
the River Frome during 1990-1997, the only period where conclusive and detailed data 
could be obtained for all parameters listed. All parameters used in this study, with the 
exception of air temperature and sunlight, were taken at the River Frome, East Stoke 
gauging station by the C£H. No weather parameters were available from the East Stoke 
gauging station. Therefore, air temperature and sunlight values were taken from the 
Oxford station; the closest station where such data was available (BADC, 2001). EpC02 
levels were calculated using pH and Gran alkalinity measurements using the following 
equation (Neal et al., 1998b): 
EpCOt = (A/kGran +10*"'^) X I o ' " ' ^ /6.0 Equation 5.3 
where Alkcnm is the Gran alkalinity (|iEq L ' ' units) and the value 6.0 is derived from the 
term: {pC02 * Ko • K | } , where pC02 is the partial pressure of carbon dioxide in air at 
standard temperature and Ko and K| are the equilibrium constants for the solubility of 
undissociated CO2 in water and the dissociation of this component into hydrogen and 
bicarbonate ions, respectively. The above equation (Equation 5.3) simply allows for the 
averaged effects of temperature and ion activity. 
The annual and seasonal variations in EpC02 levels and pH from 1990-1997 are shown in 
Figures 5.4 and 5.5. respectively, with monthly (May-October, 1990-1997) EpC02 values 
comparing well to other UK rivers with large agricultural inputs (Table 5.4). As shown in 
Figure 5.4, a decreasing trend in mean annual EpC02 levels is observed over the course of 
the study period from a high of 9.61 in 1990, to a low of 5.22 in 1996. An assessment of 
seasonal variations (Figure 5.5) revealed greater EpC02 values during autumn/winter 
months with the lowest values being reported in spring/summer. The variations, both 
annual and seasonal, can be attributed to changes in pH (Jarvie e/ a/., 2001). An 
assessment of mean seasonal pH and river discharge revealed an inverse relationship of r^= 
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Table 5.2 Historical annual physico-chemical parameters for the River Frome (1990-1997). 
Parameter 1990 1991 1992 1993 1994 1995 1996 1997 
Discharge (m^ s*') 
mia 1.37 2.27 2.02 1.90 2.30 1.50 1.75 1.80 
max. 23.58 16.83 18.21 24.38 25.90 23.70 17.46 19.16 
mean 5.07 5.11 5.06 6.33 8.00 6.70 6.39 4.89 
Alkalinity (mEq L'') 
min. 3.07 2.40 2.96 2.50 1.80 2.84 2.75 2.39 
max. 4.03 4.42 4.00 4.60 4.32 5.05 4.25 4.51 
mean 4.44 4.04 4.90 3.95 3.90 4.04 3.95 4.07 
Calcium (mEq L'*) 
min. 4.17 4.41 3.79 3.09 2.62 3.99 3.44 3.38 
max. 5.21 5.39 5.16 5.68 5.25 5.14 5.44 5.08 
mean 4.77 4.87 4.82 4.85 4.78 4.78 4.79 4.77 
pH 
mia 7.59 7.61 7.55 7.52 7.51 7.58 7.58 7.78 
max. 8.11 8.26 8.24 8.34 8.28 8.16 8.33 8.31 
mean 7.86 7.95 7.92 8.04 8.08 7.98 8.12 7.99 
Conductivity (|^) 
min. 489 412 453 395 350 390 452 412 
max 529 545 550 557 567 550 561 549 
mean 513 520 519 504 518 512 522 521 
FRP (MM) 
mia 1.65 2.86 2.96 2.46 1.83 1.25 2.16 3.26 
max. 8.03 6.61 6.49 5.65 5.94 6.29 7.20 6.46 
mean 5.37 4.50 4.56 3.77 3.85 4.23 5.03 5.03 
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Table 5.2 cont. Historical annual physico-chemical parameters for the River Frome (1990-1997). 
Parameter 1990 1991 1992 1993 1994 1995 1996 1997 
TP(HM) 
mia 4.84 4.26 4.77 3.68 3.55 3.81 2.77 3.51 
max. 15.62 12.91 13.05 14.91 11.10 7.09 7.55 12.57 
mean 9.27 9.42 7.78 7.10 6.98 13.10 12.32 7.03 
EpCO: 
mia 5.38 3.70 3.82 3.12 3.40 4.90 3.04 3.27 
max. 15.49 16.32 18.08 19.62 9.32 18.36 13.30 11.10 
mean 9.61 8.22 8.75 6.43 5.59 7.32 5.22 7.22 
Temperamre CQ 
mia 1.70 -1.60 1.30 2.40 1.30 0.20 -0.10 -0.20 
max. 24.70 23.20 21.40 20.80 24.80 26.40 23.30 24.90 
mean 11.40 10.30 10.50 10.20 11.00 11.40 10.00 11.30 
Sunlight (h day'') 
mean 5.10 4.10 4.00 4.30 4.60 5.10 4.70 4.60 
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Table 5.3 Historical seasonal (monthly) physico-chemical parameters for the River Frome (1990-1997), 
Month Discharge 
(m' s ») 
Alkalinity 
(mEq L 
Calcium 
(mEq L *) 
pH Conductivity 
(US) 
EpCOi Temp. 
CO 
Sunlight 
(h day*) 
FRP 
( H M ) 
TP 
(^lM) 
January' 7 14 3 94 4.79 8.03 524 6.40 5 05 1.78 4.38 7.38 
February 6.48 3.95 4.82 8.00 518 6.88 5.50 2.65 4.04 6.88 
March 4.69 4.12 4.94 8.04 530 6.55 7.74 4.02 3.44 5.97 
April 4.82 3.98 4.81 8.07 518 5.94 9.24 5.59 2.87 5.54 
May 5.07 4.09 4.86 8.08 515 5.93 12.28 6.97 3.38 6.22 
June 5.24 4.09 4.77 8.08 520 5.92 15.25 6.64 4.67 8.23 
July 5.42 4.12 4.86 8.06 515 6.59 18.05 7.36 5.34 7.88 
August 6.47 4.14 4.93 8.02 521 6.98 18.15 7.06 5.47 8.87 
September 7.09 4.00 4.75 7.96 518 7.85 14.24 460 5.70 9.40 
October 6.78 3.90 4.73 7.84 516 9.51 11.06 3.99 5.70 8.44 
November 6.64 3.75 4.61 7.85 510 9.4 7.66 2.31 4.89 7.88 
December 6.78 3.85 4.59 7.9 506 8.4 4.78 1.78 4.36 8.29 
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Figure 5,4 Mean annual EpCOi values in the River Frome (1990-1997), 
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Figure 5,5 Mean seasonal £pC02 values in the River Frome (1990-1997), 
0.47. Further examination revealed greater variability in pH during periods of low flow 
(spring/sununer) when compared to the higher flows in autunm/winter. During the 
spring/summer of 1990 (highest reported mean yearly EpCOj values), variability in pH 
levels compared with discharge was highly pronounced (Figure 5.6). In contrast, the 
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autumn/winter of 1996 (lowest reported mean yearly EpCCh values) showed variability to 
a lessa- degree (Figure 5,7). 
Tabic 5.4 Comparison of mean EpCOi levels in various U K rivers (May-October 
period) (with data from Nea! et a/., 1998a). 
River EpC02 
Dement at Bubwith 9.12 
Don at Sprotboiough Bridge 11.67 
Frame at East Stoke 7.13 
Nidd at Skip Bridge 9.04 
Swale at Catterick Bridge 5.59 
Trent at Cromwell Lock 6.78 
Wharfe at Tadcaster 5.91 
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Figure 5.6 Variations in pH and discharge in the River Frome (spring/summer 
1990), 
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Figure 5.7 Variations in pH and discharge in the River Frome (autumnAvinter 
1996). 
Variations in pH and EpC02 levels have been strongly linked to biological activity (Neal et 
ai, 1998a; Jarvie et aJ., 2001), with increased pH and decreases in EpC02 being caused by 
primary productivity. It is possible, therefore, that an overall increase in primary 
productivity was observed in the River Frome during the course of the 1990's. As reported 
by Marsh and Sanderson (1997), there has been increasing climatic variability across the 
UK with a trend towards increasing temperature. An assessment of air temperatures 
(Oxford gauging station) showed a mean temperature of 10.7 °C for the study period of 
1990-1997. a 0.7 **C increase from the period 1970-1989, This agrees with data provided 
by the Hadley Centre, UK, which reported the 1990*s decade as nearly 0.6 **C warmer than 
the 1961-1990 average (UEA, 2001). It is possible that this increase in temperature is the 
underlying cause of increased productivity. In fact, studies have shown that algal 
photosynthesis increases progressively with increasing temperature and will continue to 
increase until an optimum temperature (ultimately depending on the species) is reached 
(Davison, 1991; Mayo and Noike, 1996). 
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5.3.4 ANNUAL AND SEASONAL TRENDS IN fflSTORICALFRP 
CONCENTRATIONS IN R E L A T I O N T O R I V E R DISCHARGE 
(1970-1990) 
Figure 5.8 shows the annual (minimum, mean and maximum) variations in FRP 
concentrations in the River Frome (1970-1997). Mean yearly FRP concentrations varied 
from 3.66-^.87 n M (mean=4.2l \iM) between 1970-1988. Slight increases in FRP 
concentrations were noticed from 1989-1997 (mean=4.69 | iM) , with the highest value for 
the whole study period being 5.85 \JM in 1989. The higher FRP concentrations observed, 
especially during the mid 1990's, corresponded with the increased mean annual discharges 
(for the same period) shown in Figure 5.2. 
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Figure 5.8 Yearly minimum, mean and maximum F R P concentrations (^M) in the 
River Frome (1970-1997). 
Figure 5,9 shows seasonal (monthly) FRP concentrations in relation to river discharge 
(1970-1997). Mean monthly variations in FRP concentration were more apparent, with a 
general increase from May onwards, reaching a peak in September (5.50 jxM). The lowest 
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mean monthly FRP value occurred in April (2.50 \xM). A general increase in phosphorus 
concentration in relation to river discharge was observed. The highest (5.50 ^ M ) and 
lowest (2.50 \}M) FRP concentrations corresponded with river discharges of 4.82 and 7.09 
m^ s'\ respectively. 
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Figure 5.9 Mean monthly F R P concentrations versus mean monthly river 
discharge in the River Frome (1970-1997). 
53.5 ANNUAL AND SEASONAL TRENDS IN m S T O R I C A L TP 
CONCENTRATIONS IN R E L A T I O N T O R I V E R DISCHARGE 
(1990-1998) 
Figures 5.10 shows the annual (minimum, mean and maximum) variations in TP 
concentrations in the River Frome (1990-1998). Mean yearly TP concentrations varied 
from 7.78 to 9.42 ^iM (mean=8.82 \JM) between 1990-1992. After 1992, in contrast to 
FRP, a downward trend occurred for minimum, mean and maximum TP, with a mean 
concentration of 7.16 reported for 1993-1998. For this period, maximum (winter) 
discharges were observed to increase, possibly indicating that a dilution effect occurred 
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over this time period. However, previous examination of the overall relationship between 
TP and discharge reveals a strong positive corrdation (see Chapter 2, Figure 2.3) which 
indicates that m general increased discharge results *m increased TP concentrations. It 
seems hkely, therefore, that the decrease in TP is caused by some other factor. As 
previously discussed, productivity does increase during this time period. However, an 
increase in productivity would be expected to result in a decrease in FRP, particularly 
during the sunmier months. As FRP remains constant, this can be ruled out as a causal 
factor, A fiirther cause of a decrease in TP could be the implementation of the 1991 EU 
Urban Waste Water Directive (see section 1,2,2). 
Figure 5.11 shows seasonal (monthly) TP concentrations in relation to river discharge 
(1990-1998). Mean monthly variations in TP concentrations followed a similar pattern as 
FRP, with a general increase from May onwards, reaching a peak in September ( 9.78 ^iM). 
The lowest mean monthly TP value occurred in April ( 5.65 | iM). A general increase in 
TP concentration with increasing river discharge was also observed. The highest (9.78 
Jim) and lowest (5.65 ^iM) TP concentrations corresponded with river discharges of 7.29 
and 4.23 m^ s"', respectively. 
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Figure 5.10 Yearly minimum, mean and maximum TP concentrations ()xM) in the 
River Frome (1990-1998). 
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Figure 5,11 Mean monthly TP concentrations versus mean monthly river discharge 
in the River Frome (1990-1998). 
53.6 R I V E R F R O M E F I E L D T R I A L S 
Three short-term, high temporal monitoring campaigns (October 2000 and April and May 
2001) in the River Frome were undertaken using the FI manifold described in Chapter 4, 
Physico-chemical parameters were measured in relation to FI measurements. In addition, 
overall phosphorus loadings (daily and monthly) within the chalk-based catchment were 
calculated based on FRP values, with monthly values compared with results from the 
export coefficient model described in Chapter 2. Individual field trial datasets are shown 
in ^pendices C, D and E. 
a) O C T O B E R 2000 
Figure 5.12 shows the diurnal FRP concentration profile and its comparison with river 
discharge over the course of the three day monitoring campaign. During the three day 
deployment, and for ten days prior to that, it remained dry and therefore it is not surprising 
that major changes in river discharge and FRP concentration were not observed. River 
discharges varied over the range 2.89 - 3.10 m^ s * with a mean of 3.05 m^ s"V FRP 
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concentrations ranged from 4.96 to 5.16 ^iM with a mean of 5.05 j iM. An examination of 
both day and night profiles (Figure 5.13) revealed no significant differences between the 
two, with mean values of 5.07 \xM for day and 5.04 | i M for night. Mean physico-chemical 
parameters over the course of the three day field trial are shown in Table 5.5, and were 
similar to the mean values obtained for Oaober during the 1990-1997 study. 
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Table 5.5 Mean physico-chemical parameters during the October 2000 River 
Frome field trial*. 
Discharge Conductivity 
(pS) 
Air Temp 
r o 
River Temp 
CQ 
Reagent Temp 
CQ 
3.05 7.89 489 13.9 10.0 13.6 
* Dissolved oxygen measurements not taken. 
As shown in Chapt^ 2, the e?q>ort coefficient model for the Frome catchment predicted a 
TP load of25, 605 kg p& year, with an observed (measured) load of 23,400 kg per year for 
1998. The difference between the two, due m part to the lack of resolution o f the manual 
sampling programme, meant that insufficient samples were collected during periods of 
peak river discharge (when phosphorus loads are at their highest). Only a limited number 
of manual samples for TP determination were collected and analysed. Nonetheless, 
phosphorus loadings between the highest and lowest concentrations of FRP and 
corresponding river discharges were calculated every 30 min. Daily and monthly loadings 
were then projected from the 30 min data. In these calculations, an aggregated calculation 
for TP was performed assuming a constant ratio of TP to FRP of 1.6:1.0 (Hanrahan ei a/., 
2001b). Mean aggregated values were 64 and 2,004 kg TP for daily and monthly loadings, 
respectively. The difference between the highest and lowest concentrations of FRP would 
have resulted in differences of 7 and 230 kg TP for daily and monthly projected loads, 
respectively. The monthly loadings obtained for this study were in good agreement with 
both the October 1998 observed (2.100 kg TP) and predicted (1,783 kg TP) values 
obtained using the export coefficient model, 
b) APRIL 2001 
Figure 5.14 shows the diurnal FRP concentration profile and its comparison with river 
discharge over the course of a four day monitoring campaign, A total of 46.6 mm of 
rainfall fell in the ten days prior to the monitoring campaign, with relatively dry conditions 
(total rainfall = 3.6 mm) during the four day trial, which would explain the discharge trend. 
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FRP concentrations ranged from 1.57 to 2.64 | i M with a mean of 1.89 | i M . River 
discharge varied over the range 7.28 - 11.26 m^ s ' with a mean of 8.21 m^ s''. Unlike the 
October 2000 field trial, slight differences between day and night concentrations were 
observed (Figure 5.15) with mean values of 1,82 n M for day and 1.95 n M for night. The 
influence of daylight on the growth rates of algae has been extensively studied (e.g. Foy et 
6e/,, 1976) with a strong relationship between light intensity and phosphorus uptake (during 
daytime photosynthesis) (Steinman et a/., 1992; Istvanovics et a/., 1994). Again, such 
relationships can be species dependent, but may help to explain the lower daytime 
phosphorus concentrations shown in the River Frome during this study. Data on the 
number of sunlight hours were not available for this time period, but historically (1990-
1997) a mean of 5.59 h day'* was measured (Oxford gauging station) for the month of 
April. This compares with a historical mean of 3.99 h day'* for the month of October. 
Mean physico-chemical parameters over the course of the field trial are shown in Table 
5,6, Like the October 2000 field trial, concentrations and discharges were typical for the 
season when compared with historical data. 
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Table 5.6 Mean physico-chemical parameters during the April 2001 River Frome 
field trial*. 
Discharge 
(m's ' ) 
pH Conductivity 
(mS) 
Air Temp 
rc) 
River Temp 
CQ 
Reagent Temp 
rc) 
8.21 7.99 488 16.2 9.5 16.4 
* Dissolved oxygen measurements not taken. 
Calculated fluxes o f phosphorus were 66 and 1,944 kg TP for daily and monthly loadings, 
respectively. The difference between the highest and lowest concentrations of FRP would 
have resulted in aggregated differences of 31 and 932 kg TP for daily and monthly 
projected loads, respectively. Although slightly higher, aggregated TP loads for this study 
were in agreement with monthly observed (1,727 kg TP) and predicted (1,778 kg TP) 
loadings during the 1998 study. 
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c) M A Y 2001 
Figure 5.16 shows the diurnal FRP concentration profile and its comparison with river 
discharge over the course of the four day monitoring campaign. For ten days prior to, and 
during the field trial, it remained dry, which is reflected in the discharge profile. FRP 
concentrations ranged fi-om 2.54 to 2.95 nM with a mean of 2.71 i^M. River discharge 
varied from 4.52 to 4.96 m^ s ' with a mean o f 4.74 m^ s"V As shown in the previous field 
trial, increased FRP concentrations were seen at night as compared with daytime (Figure 
5,17) with mean values o f 2.75 and 2.67 j i M for night and day, respectively. An 
examination of historical (1990-1997) sunlight data for the month of May revealed a mean 
of 6.97 h day '. Mean physico-chemical parameters over the course of the field trial are 
shown in Table 5.7. During the field trial it was a particularly warm four days, with 
numm>us sunny periods (mean temperature of 21.3 ^C). Although particulariy dry 
conditions existed, mean discharge (4.74 m^ s"*) was similar to mean historical May values 
(5-07 m^ s"'). Dissolved oxygen (DO) measurements were taken in addition to the normal 
physico-chemical parameters. In general, seasonal values for the parameters compared 
well with historical data. 
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Table 5.7 Mean physico-chemical parameters during the May 2001 River Frome 
field trial. 
Discbarge 
(m's') 
pH Conductivity 
(MS) 
AirTemp 
CQ 
River Temp 
CQ 
Rgnt Temp 
CQ 
DO 
(mgL') 
8.21 8.00 508 21.3 9.5 16.4 10,3 
Mean aggregated values were 55 and 1,706 kg TP for daily and monthly loadings, 
respectively. The difference between the highest and lowest concentrations of FRP would 
have resulted in aggregated differences of 7 and 243 kg TP for daily and monthly projected 
loads, respectively. Aggregated TP loads for this study were in agreement with monthly 
observed (1,708 kg TP), but slightly lower than predicted (2.236 kg TP) loadings during 
the 1998 study. 
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5.4 CONCLUSIONS 
This chapter further extends the chemical and hydroiogicai characterisation o f the River 
Frome catchment based on historical trends in physico-chemical parameters. As 
mentioned, chalk-based systems show seasonal fluctuations in various physico-chemical 
parameters. The River Frome was no exception with a high degree of seasonal variability 
shown. The results demonstrate the importance of catchment geology and hydroiogicai 
conditions in controlling phosphorus behaviour in relation to other physico-chemical 
parameters. The results of historical water quality trends clearly show that the majority of 
the phosphorus load is transported in autumn/winter periods, which agrees well with 
results of the export coefficient model described in Chapter 2. 
High resolution monitoring field trials carried out in this study confirmed trends observed 
in the more infrequent manual sampling and lab analysis carried out during previous years. 
However, no high discharge episodes were monitored during field deployment, which is 
when large fluctuations in FRP and TP might be expected. Monitoring of such storm 
events could reveal interesting rapid short-term changes in phosphorus concentrations and 
allow high temporal resolution examination of the biogeochemica! cycling of phosphorus 
fluxes in the River Frome catchment. 
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CHAPTER SIX 
Conclusions and Future Work 
6. CONCLUSIONS AND FUTURE WORK 
6.1 GENERAL CONCLUSIONS 
Specific conclusions are reported in each experimental chapter. In addition to these, the 
following general conclusions can be drawn from the work presented in this thesis: 
a) EXPORT COEFFICIENT MODEL 
The export coefficient model described in Chapter 2 proved to be successful in predicting 
both annual (1998) and seasonal (1990-1998) TP loading in the River Frome catchment. 
The model predicted an annual TP load of 25,605 kg yr ', compared with an observed 
value of 23,400 kg yr'\ a difiFereoce of 9 %. Monthly loads agreed well with monthly 
observed loads except in months of variable discharge, likely due to infrequent, and 
therefore unrepresentative, sampling. Diffuse sources made the most significant 
contribution to the TP load (65 % ) , with 35 % of TP coming from STWs. Application of 
the model to investigate the potential effect of EU directives on improved phosphorus 
extraction at sewage treatment works showed that, for the Frome catchment, reducing the 
phosphorus levels to 2 mg L * in waste water leaving the STWs would reduce TP loading 
to the catchment by at least 15 %. 
b) NUTRIENT SAMPLING AND STORAGE 
The results of the comparison of sample storage protocols in Chapter 3 showed that the 
optimum storage conditions for the determination of FRP and TON were highly matrix 
dependent, with significant differences in FRP stability between the Frome and Tamar 
catchments (due to different calcium concentrations) and between samples of different 
salinities (due to different bacterial populations and/or dissolved organic matter). For the 
River Frome sub-samples, the most effective storage treatment was shown to be 4 with 
chloroform. Freezing was shown to be the least effective storage treatment because of the 
coprecipitation of inorganic phosphate with calcite after thawing of the samples. In the 
absence o f in situ measurements, it is thus essential to design an appropriate site specific 
protocol before undertaking any sampling campaign. General guidelines for such a 
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protocol include the development of a rigorous cleaning procedure, the use of inert sample 
containers (e.g. HDPEX the analysis of filtered (< I atm) samples within 8 h of collection, 
avoiding fi-ozen storage for calcium rich sample matrices and chemical addition to those 
rich in dissolved organic matter. 
c) INSTRUMENTATION AND FIELD WORK 
The FI monitor for FRP determination described in Chapter 4 incorporated solenoid, self-
priming micropumps for propulsion, solenoid-operated switching valves for controlling the 
fiuidics and a miniature Ocean Optics CCD spectrometer for full spectrum (200-1000 nm) 
acquisition and operated in a graphical programming environment (LabVIEW'^. It proved 
effective and reliable for measuring FRP in freshwaters, with a detection limit of 0.67 p M 
and the ability to respond to changes in environmental conditions by adjusting the 
wavelength used for d^ection. The addition of a tangential flow filtration unit prevented 
blockage of the micropumps, which allowed extended and uninterrupted introduction of 
sample. The monitor was able to sample with high temporal resolution (every 30 min) 
which is necessary to measure short-term changes in PO4 concentration. In addition, the 
acquired database can be used to refine the export coefficient model for phosphorus 
loading. 
d) ENVIRONMENTAL INTERPRETATION 
The results of a historical examination of River Frome water quality trends clearly showed 
a relation with the chalk-based geology of the catchment. Seasonal fluctuations in pH, 
dissolved carbon dioxide and calcium carbonate concentrations were observed. 
Examination of these water quality indicators in combination with river discharge and 
climatic conditions gave an indication of the dominant processes affecting the 
concentrations of phosphorus in the River Frome at East Stoke. Results clearly showed that 
the majority of the phosphorus load is transported in autumn/winter periods, which agrees 
well with results of the export coefficient model described in Chapter 2. 
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6.2 SUGGESTIONS FOR FUTURE W O R K 
Suggested directions for possible future work regarding this research include: 
a) EXPORT COEFFICIENT MODEL 
To test the applicability o f this model by applying it to catchments with contrasting 
characteristics, e.g. land types, geology. In the River Frome study, coefficients were 
selected from one source (Johnes, 1996). The development of site specific coefficients, 
taking geology, hydrological pathways and land management practices into greater 
consideration, would provide more accurate and selective coefficients in which to base 
loading calculations. In addition, more frequent, and therefore more representative, 
sampling campaigns (by use of such instrumentation as the FI monitor described in 
Chapter 4 for example) must be performed in order to capture high phosphorus loading 
storm events which would be expected to have an impact on model results. 
b) NUTRIENT SAMPLING AND STORAGE 
An extended seasonal study on the two contrasting catchments (River Frome and Tamar 
Estuary), on a monthly basis for example, would provide additional data in order to assess 
any seasonal matrix eflfects on the behaviour of nutrients in stored samples. In addition, 
frill biological characterisation of both systems would provide a broader insight into the 
different bacterial populations. 
c) INSTRUMENTATION AND FIELD WORK 
Additional design modifications/corrections to the FI monitor would improve its analytical 
performance, versatility and reliability. Improvements in the electronic circuitry of the 
system, for example, to correct for the intermittent stoppage of the sample pump and 
erratic switching of the 5 port injection valve. Additional housing modifications to allow 
remote field deployment and the incorporation of thermostatic temperature control in the 
monitor housing and for external reagents/standards. The incorporation of additional FI 
manifolds and modification to the Lab VIEW™ programme for simultaneous multi - anaiyte 
determination. Extended deployments within the River Frome catchment to assess long-
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term performance and to capture short-term changes in PO4 concentration, especially 
during storm events. In addition, any long-term databases collected can be used to refine 
the export coefficient model for phosphorus loading in the Frome catchment, 
d) ENVraONMENTAL INTERPRETATION 
Long term studies on FRP and TP concentrations would provide a valuable database in 
v^hich to study the biogeochemical cycling of phosphorus within the Frome catchment. 
The successful monitoring of storm events would provide information on short term, high-
temporal changes in phosphorus concentration. In addition, information on chlorophyll a, 
in collaboration with FI measurements, would provide valuable datasets in which to 
develop eutrophication models of the River Frome. 
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APPENDICES 
APPENDIX A - I T E LAND C O V E R CLASSES O F G R E A T BRITAIN 
USED IN THIS STUDY 
URBAN 
Class 20 - Suburban and Rural Development 
Includes suburban and rural development land comprising buildings and/or roads but with 
some cover of permanent vegetation. Small rural industrial estates, glasshouses, railway 
stations, villages and small retail sites are all included. 
Class 21 - Continuous Urban 
Includes cities, large town centres, major industrial and commercial sites, major areas of 
concrete and tarmac and any permanent bare ground associate vAxh these developments. 
A R A B L E 
Class 18-Tilled Land 
Includes all land under annual tillage or temporary bare ground. Also includes leys in their 
first year, i.e. i f they were bare at the time of the winter imagery. 
Class 22 - Inland Bare Ground 
Includes all natural surfaces such as rock, sand, gravel and soil Ground that has been 
cleared by human activity and livestock are included in this class. 
PASTURE 
Class 7 - Meadow-Verge-Seminatural 
Meadows and verges include grasslands which are managed, but mostly at a lesser 
intensity than the 'mown/grazed turf class. Partial improvement favours productive species 
such as Lolium perenne, and herbicide treatment may reduce the content of broadleaved 
'weeds' but some of the swards in this category represent the traditional hay meadows 
which have escaped improvement. Semi-natural swards may have much the same 
appearance. Festuca/Agrostis swards are typical of the indigenous, essentially unimproved 
grasslands, of neutral to acid soils, mostly enclosed, formerly covering much of Britain's 
grazing land, but now restricted to upland margins and odd pockets of lowlands, usually on 
floodplains. Alternatively, the seminatural grasslands may be agriculturally non-productive 
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swards which are managed by occasional cutting to prevent excessive weed or scrub 
growth, e.g. roadside verges, country parks, golf course semi-rough areas. 
R O U G H GRAZING 
Class 6 - Mown and Grazed Turf 
Grazed turf grasslands are managed either as agriculturally productive swards or mown as 
grasslands. They are mostly agriculturally 'improved' by reseeding and/or fertiliser use and 
their key characteristic is that they did not, at either date of imaging (summer or winter), 
have any detectable quantity of dead plant material, nor a substantial uncropped stand of 
living material. This implies that the swards were grazed or cut and thus maintained as a 
turf throughout the growing period. 
S C R U B / T R E E S 
Class 5 - Grass Heath 
Includes coastal dunes and inland grasslands typically growing on sandy soils. These soils 
are usually acidic in nature and often contain substantial quantities of dead plant litter. 
Class 8 - Rough and Marsh Grass 
Includes lowland herbaceous vegetation of ferns, marshes upper saltmarshes and rough 
ground and characterised by swards that are not significantly mowed or grazed. They have 
high standing crop vegetation, most of which die back in winter. 
Class 12- Bracken 
Includes bracken-dominated herbaceous communities, mostly Pteridium aquilimum. This 
class can be upland or lowland and characterised by the distinctive colour of winter 
bracken. 
Class 13 - Dense Shrub Heath 
This class is mostly evergreen and contains such communities as heather (Calluna), ling 
(Erica spp.) and broom (Cytisus scoparius). Characteristic sites lie within the Brecklands, 
Dorset, Surrey Heaths and coastal dunes. 
Class 14 - Scrub and Orchard 
Contains deciduous scrub and orchards including such species as sallow {Salix spp.), 
brambles {Rubusfniticosus agg.) and small trees, i.e. fruit. Found mainly in the sallow-carr 
woodlands of the Broads and chalk downland. 
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Class 15 - Deciduous Woodland 
Includes deciduous broad-leaved and mixed woodlands separated from evergreen species, 
other deciduous vegetation and arable land. 
Class 16 - Coniferous Woodland 
Contains conifer and broad-leaved evergreen trees plus other evergreen species such as 
holly {Ilex aquifolium), yew (Taxus baccata) and Holm oaks (Quercus ilex). Characterised 
by very dark leaves or needles and remaining in leaf all year around. 
WETAVATER 
Class 2 - Inland Water 
Includes all mappable fresh and estuarine waters. Only those, which are water-covered on 
both winter and summer images, are map recorded. Winter-flooded meadows, for 
example, are not included. 
Class 24 - Lowland Bog 
Includes lowland herbaceous wetlands with permanent or temporary standing water. 
OTHER/UNCLASSIFIED 
Class 25 - Unclassified 
Includes land cover types which did not fit into the 25 target classes including areas 
obscured by clouds during summer and winter imagery used in classification. 
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APPENDIX B 
Participating Laboratories - NOAA/NRC Nutrient Intercomparison 
Study 
Alabama Dq t^. of Env. Management 
Mobile, AL, USA 
NOAA/OCD/AOML 
Miami, F L , USA 
City of Jacksonville 
Jacksonville, F L , USA 
Scripps Institution of Oceanography 
UJolla, C A USA 
DFO, BIO, Marine Nutrient Lab 
Dartmouth, N.S., Canada 
Southeast Env. Research Center 
Miami, F L , USA 
Florida Dept. of Environmental Protection 
Tallahassee, F L , USA 
U.S. E P A Atlantic Ecology Division 
Nanagansett, RI, USA 
Gulf Ecology Division, US EPA, 
Gulf Breeze, FL, USA 
University of California 
Marine Science Institute 
Santa Barbara, C A USA 
Institut Maurice-Lamontagne 
Mont-Joli, Quebec, Canada 
University of Connecticut 
Environmental Research Institute 
Storrs, CT, USA 
Institute of Ocean Sciences, Contaminant 
Chemistry, Sidney, B.C., Canada 
University of Louisiana - Lafayette 
Center for Ecology & Env. Technology 
Lafeyette, L A USA 
Institute of Ocean Sciences 
Sidney, B.C., Canada 
University of Maryland 
Center for Environmental Science 
Cambridge, MD, USA 
King County Environmental Lab 
Seattle, WA, USA 
University of Miami, RSMAS, MAC 
Miami, F L , USA 
LUMCON 
Chauvin, L A USA 
University of Miami, Dept. of MBF 
Miami, F L , USA 
Memorial Uni. of Newfoundland 
Ocean Sciences Centre 
St. John's, Newfoundland, Canada 
UPR-Department of Marine Sciences 
Dept. of Chemical Oceanography 
Lajas, Puerto Rico 
Miami-Dade DERM Laboratory 
Miami, F L , USA 
University of Plymouth 
Plymouth Environmental Research Centre 
Plymouth, UK 
Marine Hydrophysical Institute 
Sevastopol, Ukraine 
URI/GSO 
Narragansett, RI, USA 
Israel Oceanographic & Limnology 
Tel Shikmona, Haifa, Israel 
University of South Florida 
Department of Marine Science 
St. Petersburg, FL, USA 
The Florida State University 
Dept. of Oceanography 
Tallahassee, F L , USA 
University of Washington 
School of Oceanography 
Seattle, WA, USA 
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APPENDIX C-OCTOBER 2000 R I V E R FROME F I E L D T R I A L DATASET 
Sample Time Concentration 
(MM) 
Air Temp. Reagent Temp. 
CO 
River Temp. pH Dissolved Oxygen 
(mgL*) 
Conductivity 
(uS) 
Calibration 01 Oct 2000 
20:00 
N/A 13.7 13.9 N/A N/A N/A N/A 
1 21:30 5.01 13.5 13.9 10.1 7.64 N/A 481 
2 22:00 5.09 13.5 13.7 10.0 7.51 N/A 464 
3 22:30 5.15 N/A N/A N/A N/A N/A N/A 
4 23:00 5.04 N/A N/A N/A N/A N/A N/A 
5 23:30 5.09 N/A N/A N/A N/A N/A N/A 
6 02 Oct 2000 
00:00 
4.99 N/A N/A N/A N/A N/A N/A 
7 00:30 5.07 N/A N/A N/A N/A N/A N/A 
8 01:00 5.08 N/A N/A N/A N/A N/A N/A 
9 01:30 5.09 N/A N/A N/A N/A N/A N/A 
10 02:00 5.07 N/A N/A N/A N/A N/A N/A 
11 02:30 5.04 N/A N/A N/A N/A N/A N/A 
12 03:00 5.10 N/A N/A N/A N/A N/A N/A 
13 03:30 5.11 N/A N/A N/A N/A N/A N/A 
14 04:00 5.10 N/A N/A N/A N/A N/A N/A 
15 04:30 5.07 N/A N/A N/A N/A N/A N/A 
16 05:00 5.07 N/A N/A N/A N/A N/A N/A 
N/A = lack of data due to missed readings, ca ibrations anc unattended runs. 
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Sample Time Concentration 
(uM) 
Air Temp. 
rc) 
Reagent Temp. River Temp. 
CC) 
pH Dissolved Oxygen Conductivity 
(uS) 
17 05:30 4.98 N/A N/A N/A N/A N/A N/A 
18 06:00 5.07 N/A N/A N/A N/A N/A N/A 
19 06:30 5.08 N/A N/A N/A N/A N/A N/A 
20 07:00 5.04 N/A N/A N/A N/A N/A N/A 
Calibration 02 Oct 2000 
07:30 
N/A N/A N/A N/A N/A N/A N/A 
21 08:30 5.06 10.6 11.2 9.9 7.88 N/A 499 
22 09:00 4.99 11.0 11.2 9.9 7.69 N/A 470 
23 09:30 5.08 10.9 11.2 9.8 7.84 N/A 497 
24 11:00 5.06 11.7 11.5 10.0 7.77 N/A 480 
25 11:30 5.11 N/A N/A N/A N/A N/A N/A 
26 12:00 5.05 N/A N/A N/A N/A N/A N/A 
27 12:30 5.06 N/A N/A N/A N/A N/A N/A 
28 13:00 5.14 N/A N/A N/A N/A N/A N/A 
29 13:30 5.10 N/A N/A N/A N/A N/A N/A 
30 14:00 5.09 N/A N/A N/A N/A N/A N/A 
31 14:30 5.12 15.7 13.6 10.3 8.02 N/A 496 
32 15:00 5.13 16.2 13.8 10.1 7.75 N/A 489 
N/A = lack of data due to missed readings, ca ibrations anc unattended runs. 
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Sample Time Concentratloii 
(MM) 
Air Temp. 
CO 
Reagent Temp. 
r o 
River Temp. 
CQ 
pH Dissolved Oxygen Conductivity 
(MS) 
33 15:30 5.08 16.1 14.2 10.2 7.58 N/A 480 
34 16:00 5.16 N/A N/A N/A N/A N/A N/A 
35 16:30 5.14 N/A N/A N/A N/A N/A N/A 
36 17:00 5.09 N/A N/A N/A N/A N/A N/A 
37 17:30 5.12 15.4 14.4 10.2 8.02 N/A 500 
38 18:00 5.08 13.8 14.3 10.1 7.77 N/A 488 
Calibration 02 Oct 2000 
18:45 
N/A N/A N/A N/A N/A N/A N/A 
39 21:00 5.05 13.4 14.1 10.1 7.89 N/A 497 
40 21:30 4.99 12.9 13.9 10.1 7.77 N/A 482 
41 22:00 5.03 12.8 13.9 10.0 8.00 N/A 504 
42 22:30 5.01 N/A N/A N/A N/A N/A N/A 
43 23:00 5.07 N/A N/A N/A N/A N/A N/A 
44 23:30 5.01 N/A N/A N/A N/A N/A N/A 
45 00:00 5.08 N/A N/A N/A N/A N/A N/A 
46 00:30 4.99 N/A N/A N/A N/A N/A N/A 
47 01:00 5,03 N/A N/A N/A N/A N/A N/A 
48 01:30 5.07 N/A N/A N/A N/A N/A N/A 
N/A = lack of data due to missed readings, ca ibrations anc unattended runs. 
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Sample Time Concentration 
(UM) 
Air Temp. 
CQ 
Reagent Temp. 
CQ 
River Temp. 
CC) 
pH Dissolved Oxygen 
(mgL-*) 
Conductivity 
(uS) 
49 02:00 5.00 N/A N/A N/A N/A N/A N/A 
50 02:30 4.97 N/A N/A N/A N/A N/A N/A 
51 03:00 4.99 N/A N/A N/A N/A N/A N/A 
52 03:30 5.05 N/A N/A N/A N/A N/A N/A 
53 04:00 5.02 N/A N/A N/A N/A N/A N/A 
54 04:30 5.06 N/A N/A N/A N/A N/A N/A 
55 05:00 5.10 N/A N/A N/A N/A N/A N/A 
56 05:30 5.04 N/A N/A N/A N/A N/A N/A 
57 06:00 5.01 N/A N/A N/A N/A N/A N/A 
Calibration 03 Oct 2000 
07:00 
N/A N/A N/A N/A N/A N/A N/A 
58 09:30 5.00 11.3 11.4 9.9 8.04 N/A 508 
59 10:00 5.09 11.9 11.4 9.9 8.11 N/A 499 
60 11:00 5.03 11.5 11.5 9.9 7.99 N/A 489 
61 11:30 5.07 13.0 11.7 10.0 8.07 N/A 511 
62 12:00 4.99 N/A N/A N/A N/A N/A N/A 
63 12:30 5.11 N/A N/A N/A N/A N/A N/A 
64 13:00 5.08 N/A N/A N/A N/A N/A N/A 
N/A = lack of data due to missed readings, ca ibrations am unattended runs. 
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Sample Time Concentration 
(HM) 
Air Temp. 
CQ 
Reagent Temp. 
CQ 
River Temp, 
CC) 
pH Dissolved Oxygen 
(mgL-^) 
Conductivity 
(uS) 
65 13:30 5.04 N/A N/A N/A N/A N/A N/A 
66 14:00 5.10 N/A N/A N/A N/A N/A N/A 
67 14:30 5.07 N/A N/A N/A N/A N/A N/A 
68 15:00 5.03 N/A N/A N/A N/A N/A N/A 
69 15:30 5.11 N/A N/A N/A N/A N/A N/A 
70 17:00 5.14 19.5 16.0 10.1 8.00 N/A 488 
71 17:30 5.06 17.5 16.2 10.1 7.98 N/A 500 
72 18:00 5.09 18.0 16.0 10.1 8.10 N/A 489 
73 19:00 5.00 15.0 15.5 10.0 7.85 N/A 495 
74 20:00 5.11 14.5 15.3 10.0 8.06 N/A 480 
75 20:30 5.07 14.3 15.3 9.9 8.00 N/A 485 
76 22:00 5.09 N/A N/A N/A N/A N/A N/A 
77 22:30 5.06 N/A N/A N/A N/A N/A N/A 
78 23:00 5.01 N/A N/A N/A N/A N/A N/A 
79 23:30 5.05 N/A N/A N/A N/A N/A N/A 
80 00:00 5.04 N/A N/A N/A N/A N/A N/A 
81 00:30 4.97 N/A N/A N/A N/A N/A N/A 
N/A = lack of data due to missed readings, ca ibrations am unattended runs. 
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APPENDIX D-APRIL 2001 R I V E R FROME F I E L D T R I A L DATASET 
Sample Time Concentration 
(uM) 
Air Temp. 
CQ 
Reagent Temp. River Temp. 
CC) 
pH Dissolved Oxygen 
(mcL-^) 
Conductivity 
(uS) 
Calibration 09 April 2001 
13:50 
N/A 21.5 17.8 N/A N/A N/A N/A 
1 14:40 2.04 20.3 18.1 9.8 7.90 N/A 474 
2 15:10 2.08 21.3 18.3 9.6 8.04 N/A 455 
3 16:20 2.19 21.1 18.1 9.6 8.07 N/A 472 
4 16:45 1.99 N/A N/A N/A N/A N/A N/A 
5 17:15 2.01 20.7 18.8 9.5 7.97 N/A 499 
6 17:45 1.90 19.5 18.7 9.7 7.99 N/A 487 
7 18:15 1.99 18.3 18.5 9.5 8.17 N/A 496 
8 19:30 2.01 16.4 17.5 9.6 7.97 N/A 480 
9 20:00 1.91 15.8 17.1 9.5 7.90 N/A 501 
Calibration 20:20 N/A 15.6 17.0 N/A N/A N/A N/A 
10 21:10 1.83 15.4 16.7 9.5 7.81 N/A 478 
11 21:40 2.12 15.0 16.2 9.6 7.99 N/A 499 
12 22:10 2.13 N/A N/A N/A N/A N/A N/A 
13 22:40 1.96 N/A N/A N/A N/A N/A N/A 
14 23:10 1.91 N/A N/A N/A N/A N/A N/A 
15 23:40 1.92 N/A N/A N/A N/A N/A N/A 
N/A = lack of data due to missed readings, ca ibrations anc unattended runs. 
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Sample Time Concentration 
(UM) 
Air Temp. 
CQ 
Reagent Temp. River Temp. 
("C) 
pH Dissolved Oxygen 
(mgL*) 
Conductivity 
(MS) 
16 lOApnl 2001 
00:10 
1.99 N/A N/A N/A N/A N/A N/A 
17 00:40 2.07 N/A N/A N/A N/A N/A N/A 
Calibration 07:30 N/A 12.9 14.3 N/A N/A N/A N/A 
18 09:10 1.62 14.1 14.4 9.2 8.02 N/A 489 
19 09:40 1.93 14.5 14.4 9.1 7.00 N/A 545 
20 10:10 1.80 16.1 14.7 9.2 8.08 N/A 489 
21 10:40 1.83 16.8 14.7 9.3 8.09 N/A 468 
22 11:20 1.81 N/A N/A N/A N/A N/A N/A 
23 11:50 1.91 N/A N/A N/A N/A N/A N/A 
24 14:15 1.77 22.4 16.7 9.7 7.96 N/A 470 
25 15:10 1.77 18.4 17.2 9.8 8.09 N/A 479 
26 15:45 1.84 18.5 17.0 9.7 8.21 N/A 488 
27 16:15 1.82 N/A N/A N/A N/A N/A N/A 
28 16:45 1.78 N/A N/A N/A N/A N/A N/A 
29 17:15 1.80 N/A N/A N/A N/A N/A N/A 
30 17:45 1.71 N/A N/A N/A N/A N/A N/A 
Calibration 19:25 N/A 15.9 16.1 N/A N/A N/A N/A 
31 20:05 1.87 15.5 16.0 9.3 7.98 N/A 477 
N/A = lack of data due to missed readings, ca ibrations anc unattended runs. 
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Sample Time Concentration 
(UM) 
Air Temp. 
CQ 
Reagent Temp. 
CQ 
River Temp. 
CQ 
PH Dissolved Oxygen 
(mgL') 
Conductivity 
iuS) 
32 20:35 1.57 15.1 15.8 9.3 8.03 N/A 500 
33 21:05 2.09 14.6 15.6 9.2 8,15 N/A 489 
34 21:30 1.80 14.8 15.5 9.2 7.90 N/A 466 
35 22:00 1.91 14.0 15.3 9.1 7.99 N/A 501 
36 22:30 1.89 13.6 15.1 9.1 8.09 N/A 463 
37 23:00 2.64 N/A N/A N/A N/A N/A N/A 
38 23:30 1.99 N/A N/A N/A N/A N/A N/A 
39 11 April 2001 
00:00 
2.08 N/A N/A N/A N/A N/A N/A 
40 00:30 1.98 N/A N/A N/A N/A N/A N/A 
41 01:00 1.91 N/A N/A N/A N/A N/A N/A 
42 01:30 1.89 N/A N/A N/A N/A N/A N/A 
43 02:00 1.88 N/A N/A N/A N/A N/A N/A 
44 02:30 1.87 N/A N/A N/A N/A N/A N/A 
45 03:00 1.91 N/A N/A N/A N/A N/A N/A 
46 03:30 1.78 N/A N/A N/A N/A N/A N/A 
47 04:00 1.92 N/A N/A N/A N/A N/A N/A 
Calibration 08:45 N/A 12.3 13.4 N/A N/A N/A N/A 
48 10:35 171 13.5 14.5 9.2 8.04 N/A 503 
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Sample Time Concentration 
(UM) 
Air Temp. 
r c ) 
Reagent Temp. 
r c ) 
River Temp. 
CC) 
pH Dissolved Oxygen 
(mg L ') 
Conductivity 
(MS) 
49 11:05 1.80 15.7 14.4 9.3 7.83 N/A 499 
50 12:00 1.69 18.0 14.6 N/A N/A N/A N/A 
51 12:45 1.89 17.5 14.8 9.7 7.96 N/A 499 
52 13:15 1.82 17.4 14.8 9.7 7.99 N/A 486 
53 13:45 1.72 N/A N/A N/A N/A N/A N/A 
54 14:15 1.75 N/A N/A N/A N/A N/A N/A 
55 14:45 1.85 N/A N/A N/A N/A N/A N/A 
56 15:35 1.81 N/A N/A N/A N/A N/A N/A 
57 16:05 1.71 N/A N/A N/A N/A N/A N/A 
58 16:45 1.84 15.3 15.0 9.6 7.99 N/A 499 
59 17:15 1.79 15.2 15.0 9.6 8.07 N/A 485 
60 17:45 1.85 15.0 14.7 9.4 8.01 N/A 496 
61 19:25 1.81 14.6 14.5 9.4 8.04 N/A 507 
62 19:55 1.79 13.9 14.4 9.5 7.99 N/A 497 
63 20:20 1.78 13.5 14.2 9.3 7.97 N/A 488 
Calibration 20:45 N/A N/A N/A N/A N/A N/A N/A 
64 21:45 1.84 13.3 14.0 9.3 8.07 N/A 476 
65 22:15 2.50 13.4 14.0 9.2 8.16 N/A 487 
N/A = lack of data due to missed readings, ca ibrations anc unattended runs. 
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Sample Time Concentration 
(UM) 
Air Temp. 
CQ 
Reagent Temp. River Temp. pH Dissolved Oxygen 
(mgL*) 
Conductivity 
(uS) 
66 22:45 1.80 13.1 13.9 9.3 8.15 N/A 497 
67 23:15 1.81 N/A N/A N/A N/A N/A N/A 
68 23:45 1.77 N/A N/A N/A N/A N/A N/A 
69 00:15 1.79 N/A N/A N/A N/A N/A N/A 
70 00:45 1.85 N/A N/A N/A N/A N/A N/A 
71 01:15 1.89 N/A N/A N/A N/A N/A N/A 
72 01:45 1.90 N/A N/A N/A N/A N/A N/A 
73 02:15 1.82 N/A N/A N/A N/A N/A N/A 
74 02:45 1.83 N/A N/A N/A N/A N/A N/A 
75 03:15 1.82 N/A N/A N/A N/A N/A N/A 
76 03:45 1.89 N/A N/A N/A N/A N/A N/A 
77 04:15 1.91 N/A N/A N/A N/A N/A N/A 
78 04:45 1.86 N/A N/A N/A N/A N/A N/A 
79 05:15 1.79 N/A N/A N/A N/A N/A N/A 
N/A = lack of data due to missed readings, ca ibrations am unattended runs. 
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APPENDIX E-MAY 2001 R I V E R FROME F I E L D T R I A L DATASET 
Sample Time Concentration 
(m 
Air Temp. 
CQ 
Reagent Temp. River Temp. 
CQ 
pH Disf olved Oxygen 
(mgL-*) 
Conductivity 
(US) 
Calibration 28 May 2001 
14:45 
N/A 19.1 18.9 N/A N/A N/A N/A 
1 15:15 2.77 18.9 18.9 12.9 7.79 10.08 489 
2 16:30 2.69 19.9 19.0 13.0 7.99 9.97 503 
3 17:00 2.67 19.0 19.1 13.0 8.05 9.93 508 
4 17:30 2.68 19.5 19.0 13.0 7.99 10.65 499 
5 18:00 2.68 18.3 18.9 12.9 7.95 10.99 506 
6 18:30 2.68 18.1 18.9 12.9 7.96 10.93 513 
7 19:30 2.73 18.0 18.5 12.8 8.01 10.02 501 
8 20:00 2.75 17.5 18.3 12.8 7.99 11.01 515 
Calibration 20:20 N/A 17.5 N/A N/A N/A N/A N/A 
9 21:30 2.81 N/A N/A N/A N/A N/A N/A 
10 22:00 2.78 N/A N/A N/A N/A N/A N/A 
11 22:30 2.77 N/A N/A N/A N/A N/A N/A 
12 23:00 2.78 N/A N/A N/A N/A N/A N/A 
13 23:30 2.73 N/A N/A N/A N/A N/A N/A 
14 29 May 2001 
00:00 
2.76 N/A N/A N/A N/A N/A N/A 
15 00:30 2.80 N/A N/A N/A N/A N/A N/A 
16 01:00 2.64 N/A N/A N/A N/A N/A N/A 
N/A = lack 0 'data due to missed readings, ca ibrations anc unattended runs. 
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Sample Time Concentration 
(uM) 
Air Temp. 
CQ 
Reagent Temp. 
CC) 
River Temp, 
CC) 
pH Dissolved Oxygen Conductivity 
(uS) 
17 01:30 2.74 N/A N/A N/A N/A N/A N/A 
18 02:00 2.63 N/A N/A N/A N/A N/A N/A 
Calibration 09:15 N/A 16.3 N/A N/A N/A N/A N/A 
19 11:00 2.73 22.4 17.9 13.2 8.04 10.09 521 
20 11:45 2.68 29.5 18.2 13.3 8.09 10.98 506 
21 13:00 2.69 27.3 20.5 13.3 8.11 10.81 521 
22 13:45 2.68 24.5 21.9 13.5 7.97 11.13 513 
23 14:15 2.68 23.2 21.8 13.2 7.99 10.99 507 
24 15:00 2.73 23.9 22 13.2 8.03 10.05 514 
25 15:45 2.72 N/A N/A N/A N/A N/A N/A 
26 16:30 2.54 N/A N/A N/A N/A N/A N/A 
27 17:30 2.57 N/A N/A N/A N/A N/A N/A 
28 18:30 2.76 N/A N/A N/A N/A N/A N/A 
29 19:00 2.67 19.5 20.1 13.0 7.98 10.17 488 
30 19:30 2.74 19.0 19.8 13.0 7.99 9.98 507 
31 20:00 2.73 18.8 19.5 12.9 8.00 9.95 497 
Calibration 20:30 N/A N/A N/A N/A N/A N/A N/A 
32 22:00 2.74 N/A N/A N/A N/A N/A N/A 
N/A = lack 0 'data due to missed readings, ca ibrations anc unattended runs. 
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Sample Time Concentration 
(uM) 
Air Temp. 
CQ 
Reagent Temp. River Temp. 
r c ) 
pH Dissolved Oxygen 
(mg L-') 
Conductivity 
(uS) 
33 22:30 2.95 N/A N/A N/A N/A N/A N/A 
34 23:00 2.76 N/A N/A N/A N/A N/A N/A 
35 23:30 2.69 N/A N/A N/A N/A N/A N/A 
36 30 May 2001 
00:00 
2.66 N/A N/A N/A N/A N/A N/A 
37 00:30 2.66 N/A N/A N/A N/A N/A N/A 
38 01:00 2.72 N/A N/A N/A N/A N/A N/A 
39 01:30 2.73 N/A N/A N/A N/A N/A N/A 
40 02:00 2.75 N/A N/A N/A N/A N/A N/A 
41 02:30 2.76 N/A N/A N/A N/A N/A N/A 
42 03:00 2.68 N/A N/A N/A N/A N/A N/A 
Calibration 09:30 N/A N/A N/A N/A N/A N/A N/A 
43 11:45 2.72 22.8 18.3 13.6 8.09 9.96 521 
44 14:15 2.76 24.8 19.3 13.6 7.96 10.02 516 
45 15:00 2.71 26.0 21.4 13.6 8.01 9.89 499 
46 16:15 2.65 24.9 23.1 13.3 8.00 9.91 519 
47 17:15 2.79 23.5 23.1 13.4 8.08 9.95 532 
48 17:45 2.71 22.0 22.8 13.1 7.98 9,88 496 
Calibration 19:30 N/A 20.5 N/A N/A N/A N/A N/A 
N/A = lack 0 'data due to missed readings, ca ibrations anc unattended runs. 
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Sample Time Concentration 
(uM) 
Air Temp. 
CC) 
Reagent Temp. 
CQ 
River Temp. 
CQ 
pH Dissolved Oxygen 
(mgL') 
Conductivity 
(MS) 
49 21:00 2.70 N/A N/A N/A N/A N/A N/A 
50 21:30 2.68 N/A N/A N/A N/A N/A N/A 
51 22:00 2.69 N/A N/A N/A N/A N/A N/A 
52 22:30 2.68 N/A N/A N/A N/A N/A N/A 
53 23:00 2.76 N/A N/A N/A N/A N/A N/A 
54 23:30 2.69 N/A N/A N/A N/A N/A N/A 
55 31 May 2001 
00:00 
2.72 N/A N/A N/A N/A N/A N/A 
56 00:30 2.74 N/A N/A N/A N/A N/A N/A 
57 01:00 2.69 N/A N/A N/A N/A N/A N/A 
58 01:30 2.68 N/A N/A N/A N/A N/A N/A 
N/A = lack 0 'data due to missed readings, ca ibrations anc unattended runs. 
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PUBLICATIONS 
Surface Water Quality 
Phosphorus Loading in the Frome Catchment, UK: Seasonal Refinement 
of the Coefficient Modeling Approach 
Grady Hanrahan, Martha G l e d h i l i / William A . House, and Paul J. Worsfold 
ABSTRACT 
This paper describes Ibe results of an export coeflident modeling 
approach to predict total pbospboms (TP) loading in the Frome 
catcfament, Dorset, UK from point and diffuse sources on a seasonal 
(monthly) basis in 1998 and on an annual basis for 1990-199S. The 
model predicted an annual TP load of 25 605 kg yr~^ compared 
with an observed (measured) value of 23 400 kg } T ~ ^ Monthly loads 
calcubtcd using the export coefHcient model agreed well mlh monthly 
observed values except in months of variable discharge, viiien ob-
served values were low, probably due to infrequent, and therefore 
unrepresentative, sampling. Comparison between filterable reactive 
phosphorus (FRP) and TP coocentrntions observed in (be period 
1990-1997 showed that trends in FRP could be estimated from trends 
in TP. A sensitivity analysis (varying mdividual export coefTidents 
by ± 10%) showed (hat sewage treatment works (ST\Vs) (3.5%), tilled 
land (2.7%), meadow-verge-seminatural (L0%), and mown and 
grazed turf (0.6%) had the most significant effect (percent difference 
from base contribution) on model prediction. The model was also 
used to estimate the effect of phosphorus stripping at ST\Vs in order 
to comply with a pending change in the European Union wastewater 
directive. Theoreticnl reduction of TP from (he largest STW in (he 
catchment gave a predicted reduction in TP loading of 2174 kg yr"'. 
This illustrates the value of this seasonal export coefTinent model as 
a practical management tooL 
' I ^ H E transport of phosphorus, both spatial and tem-
JL poral, f rom a wide range of point and diffuse 
sources, affects the overall quality of river systems. Land 
use, particularly agriculture, is considered to be a signifi-
cant diffuse source of phosphorus export f rom catch-
ments (Dil lon and Kirchner, 1975). The major point 
sources are sewage and industrial discharges, which also 
contribute to overall phosphorus export in the U K 
(Muscult and Withers, 1996). Cumulatively, phosphorus 
export (loading to the catchment) can result in eutrophi-
cation, an enrichment of water by nutrients, sometimes 
leading to an increase in biomass and primary productiv-
ity within aquatic communities (Moss, 1996; Young el 
al., 1999). 
A n appraisal of water quality is needed before manage-
ment practices that minimize the likelihood of eutrophi-
cation are implemented. Assessment has traditionally 
involved a physical approach that considers real-time 
changes based on contemporary measurements and 
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nology Cenlre. Dorset DT2 8ZD. UK. Received 16 Oct. 2000. •Corre-
sponding author (mgledhill@plymouth.ac.uk). 
Published in J. Environ. Qual. 30:1738-1746 (2001). 
small-scale plot size (Moss et al., 1996). Numerous mod-
els have been designed to assess diffuse pollution and 
sediment sources and their delivery to receiving water 
bodies. Hydrological models such as Agricultural Non-
Point Source Pollution (AGNPS), for example, estimate 
sediment and nutrient export mainly from small drain-
age basins (Young et al., 1989). This particular model 
divides catchments into hydrological units and assesses 
runoff, soil erosion, and diffuse pollution. Nutrient 
loads, however, can be difficult to predict due to prob-
lems in selecting appropriate input values for runoff and 
sediment yield (Lenzi and Di Luzio, 1997). In addition, 
accuracy can be poor when the model is matched with 
samplings made outside of peak flow discharge. 
The export coefficient model for predicting nutrient 
loading to receiving waters was initially developed to 
determine the origin of increased nutrients to North 
American lakes (Omemik, 1976; Beaulac and Reckhow, 
1982). This model was later described in detail at the 
agricultural catchment scale (Kronvang, 1990; Gburek 
et al., 1996; Johnes, 1996; Johnes et al., 1996) and takes 
into account the complexity of land-use systems and 
allows scaling up f rom plot scale to larger catchment 
size. In addition, it considers the spatial distribution 
of data from various nutrient sources (both point and 
diffuse) and predicts the total annual load of a particular 
nutrient into a catchment. Export coefficients represent 
the rate at which phosphorus is transported from a par-
ticular source in the catchment and are often based on 
field experiments determining nutrient loss. 
Phosphorus occurs in aquatic systems in both particu-
late and dissolved forms and can be operationally de-
fined as total phosphorus (TP), total reactive phospho-
rus (TRP), filterable reactive phosphorus (FRP), total 
filterable phosphorus (TFP), and particulate phospho-
rus (PP). Total P is a measure of total dissolved plus 
particulate phosphorus and has been proposed as a 
useful predictor of mean chlorophyll concentrations in 
streams (Van Nieuwenhuyse and Jones, 1996). Filter-
able reactive P, however, is the phosphorus fraction 
considered to be most readily available for algal and 
macrophyte growth (Reynolds, 1984), and is important 
in relation to the management of eutrophication. Tradi-
tionally, TP has been used in most model calculations, 
mainly because of logistical problems associated with 
measuring FRP caused by its rapid exchange with partic-
ulate matter. In this work, TP is used for the export 
coefficient model and the exchange between phospho-
Abbreiiations: FRP,filterable reactive phosphorus: GIS.geographical 
mformation system: PE. population equivalents; STWs, sewage ireai-
meru works: TP, total phosphorus. 
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rus fractions during export is not considered. However, 
the dynamics of sediment-water exchange during trans-
port may well affect seasonal exports. 
This paper examines the hypothesis that the export 
coefficient modehng approach can be used to predict 
T P loading in the River Frome catchment (Dorset, U K ) 
on both an annual and a seasonal (monthly) basis. An-
nual and seasonal predicted model values are compared 
with observed concentrations based on historical phos-
phorus and river discharge data. The model is used to 
assess the effect of changes to the treatment of sewage 
resulting from European Union wastewater directives. 
Both F R P and T P are examined to assess trends in the 
F R P to TP ratio and to ascertain the suitability of using 
TP in riverine systems to gain information on F R P distri-
butions. 
M A T E R I A L S A N D M E T H O D S 
Study Site 
The River Frome starts on the North Dorset Downs near 
Evershot and flows into Poole Harlwur in ihe southwest of 
the U K (Fig. 1). The most important geological formation is 
chalk, which comprises nearly 50% of the 41 429-ha catchment 
(Paolillo. I%9). The catchment has a braided network of chan-
nels, both naturally occurring and constructed for flood relief. 
hrome Catchment 
Evonbol 
Altoo 
C«nie tPancTM 
Abbu 
Sydlmg 
Maidan J ^ 
eepletOQ 
Wool 
Adapted fromNRA Report, 1995 
Fig. I . The River Fnmie catchmenl butindan. Oorsel. Fn};ljnd. 
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2. Spatial distribution of land use within the Frume catchment based O H a geographical inrormation system (CIS). 
le soils are shallow and well drained with a few areas of 
ly-influenced soils in the lower caichment. Land use in 
e calchmenl is predominately meadow-verge-seminalu-
I (31.0%). tilled land (28.0%). and mown and grazed turf 
?.4%). 
The hydrology of the Frome catchment is dominated by 
aquifer passing beneath the lower catchment and Poole 
irbour (National Rivers Authority, 1995). The highest rain-
I. up to WOO mm yr '.occurs in the northern andsoulhwesl-
1 portions of the catchment. To the south and east, rainfall 
creases with levels ranging between 850 and 950 mm yr"'. 
can monthly rainfall values over the entire catchment for 
87-1997 were 59 mm for March-August and 104 mm for 
ptember-February. Mean daily river discharges from the 
ivironment Agency gauging station at East Slokc (grid refer-
ee SY866867) for 1990-1997 were 5.60 m's ' for March-
jgust and 7.45 m's"' for September-February. 
Geographical Information System 
The geographical information system (GIS) was based on 
^ O I N F O Version 6.6.1 (Environmental Systems Research 
ititute. 1994) running on a U N I X workstation (Sun Systems, 
lo Alto. C A ) . The spatial distribution of land use in the 
Dmc caichment based on G I S for 1998 is shown in Fig. 2. 
itchment boundary data for the River Frome upstream of 
isl Stoke was derived from data licensed from the Centre for 
ologv & Hvdrology ( C E H ) . Wallingford under Agreement 
unber 211 (Morns and Ravin, 199U. 1994). 
Data Sources 
Land cover data for the Frome catchment was provided by 
C E H , Monkswood as a subset of the Land Cover Map of 
Great Britain ( L C M G B ) . The L C M G B was produced using 
supervised maximum likelihood classifications of Landsat Map-
per data (Fuller et al., 1994) and was based on a 25-m grid 
chronicling 25 land cover types. Animal statistics for the catch-
ment were obtained from the Ministry of Agriculture, Fisher-
ies and Food (MAl-T. U K ) and based on the June 1998 census. 
Daily river discharges and rainfall data for the River Frome 
at East Stoke were obtained from the Environment Agency. 
Excler. U K . Sewage treatment works (SlAVs) and septic sys-
tem population equivalents located within the catchment 
bt>undaries were obtained from Wessex Water, Poole, UK. 
Phosphorus data (three to five times monthly) for the River 
Frome were obtained by C E H . Dorset (formerly the institute 
of Freshwater Ecology). 
Total Phosphorus and Filterable Reactive 
Phosphorus Determination 
Samples for T P determination were collected weekly from 
the River Frome at East Stoke from the water column at 
midslream-middepth by an autosampler ( E P I C Model 1011; 
B utile r - Mo n tec, Manchester, U K ) , thoroughly mixed, and an-
alyzed at C E H . Dorset according to the metht>d of Eisenrcich 
et aL (1975). Total P was determined by first combining the 
sample of interest with 0.15 ± 0.1 g of acidic potassium persul-
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Table 1. Phosphorus export coefficients for I T E bod cover types in the Ffome calcfament 
Percent of Export PbfKphorus 
I T E grid codet Landcover lype catchment area coefOdent export 
% kg ha*' ) T ~ ' k g P j T -
2 inland water 0X2 OJOO 0 
5 grass bealb L27 om 10.5 
6 mom and grazed lurf 19^ 0.20 1611 
7 meadoiT-verge-seininaturaJ 31.0 0.20 2 563 
8 roagb and marsh grass 0.98 0.02 8.10 
12 bradien 0.0005 OJOl 0.004 
U dense shrub heath 050 0J02 4.22 
14 scrub and orchard 0.92 0.02 7.64 
15 deciduous woodland 7J7 0.02 61.0 
16 coniferous woodland L64 0.02 21.9 
18 tilled land 2&0 0.66 7 666 
20 suburban and rural development 4J2 0.83 1486 
21 continnoos urban a 19 0.83 65.8 
22 inland bare ground 0.52 a70 151 
24 lowland bog a i o 0.00 0 
25 open shrub heath 0.63 0.02 5.22 
Uadassifled 2.13 0.48 424 
Total 100 14 085 
t I T E , Institute of Terrestrial Ecology. 
fate and then autoclaving at ill^C for 45 min. Samples were 
then reacted with ammonium molybdaie reagent to form mo-
lybdo-phosphoric acid, which was reduced to a molybdenum 
blue complex and determined spectrophoibmetrically at 880 
nm (Murphy and Riley. 1962). 
Samples for F R P determination were also collected weekly 
at East Stoke at midstream-middepth and analyzed on the 
day of sampling after filtration through a 0.45-M.m cellulose 
nitrate membrane filler, using flow injection analysis ( F I A ) 
incorporating the method of Tecator (Tecator, 1983). 
Export Coerricient IVIodel Procedure 
Phosphorus export coefficients for land use for the Frome 
were selected from the literature (Johnes, 1996) on similar 
catchments in southern England (Table 1). Key factors regard-
ing the selection of export coefficient values include basin 
geology, hydrological pathways, and land management prac-
tices. Diffuse exports will be influenced by the application of 
organic animal waste and inorganic fertilizers to land, and 
knowledge of past land management practices is required in 
order to assign selective export coefficients. As this level of 
detail was not possible here, annual export coefficients were 
taken as constant for a particular land use. 
Export coefficients for particular animals and sewage popu-
lation equivalents are shown in Table 2 and the general equa-
tion for annual phosphorus loading used in this study (Johnes, 
1996) was: 
PL = 2i^:Ed It) 
where P L is the T P load into the catchment; A is the area 
(ha) of land type within the catchment r, or number of animal 
types f, or sewage population equivalents ( P E ) /: £, is the 
annual export coefficient for each source i (kg h a ' ' yr~' (land 
types], kg per capita yr~' (animal and population equivalents)). 
In terms of land use, export coefficients express the rate at 
which phosphorus is exported from each land use type present 
in the catchment. For animals, export coefficients (% P) ex-
press the proportion of phosphorus loss from wastes voided 
from stock houses and grazing land. The model assumes stan-
dard losses (e.g., 3.00% for sheep, derived by Vollenweider 
(1968) as the mean value of best-case (1.00%) and worst-case 
(5.00%) scenarios. The total phosphorus load was determined 
from the quantity of animal waste produced (kg) per kg of 
live animal weight (Vollenweider, 1968), the total livestock 
population, and the animal export coefficients for phosphorus. 
Human export coefficients reflect the use of phosphate-rich 
detergents and dietary factors and are adjusted to take account 
of primary and secondary sewage treatment or use of septic 
tanks (Johnes, 1996). Total load was calculated by multiplying 
population equivalents by the appropriate export coefficient 
(STWs or septic tanks). 
Seasonal T P loading from land use in the catchment was 
estimated using the equation from May et al. (2001): 
Qt - O r . 
[2] 
where Ef is the total phosphorus load per month ( / ) . i denotes 
the landcover type, / I , is the area of each landcover type, £, 
is the annual export for the ith landcover type, 0 , is the dis-
charge of water from the catchment during month /, is the 
discharge of water from baseflow during the month J, Qr is 
the annual discharge of water and Bt is the annual contribution 
of baseflow with a fixed phosphorus concentration of c^ . 
RESULTS 
Annual Exports of Total Phosphorus 
The annual obset^ed TP load for 1998 (23400 kg 
yr"*) at East Stoke was calculated by multiplying the mean 
daily discharge for a given sampling dale by the TP 
concentration measured on that date. Due to the varia-
tion in time interval between measurements (three to 
Table 2. Phosphorus export coefficients for animal waste and 
sewage popolatioD equivalents in the Frome catchment 
Nolrieal source Export coefTictCDts Phosphorus export 
kg P J T -
Horses 2.85% 28 
Calllc 2.85% 330 
Pigs Z55% 713 
Sheep 3.00% 250 
Total = t 320 
STWst 0J8 kg a - ' ) T - ' 8869 
Septic systems 0.24 kg ca ' yr " 1331 
Total = 10 200 
t Sewage (realment works. 
742 
a- 200 
100 4-
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pg. 3. Seasonal time series plot of total P and GIterable reactive P 
' conceatratioo and river discharge at East Stoke station on the 
River Frome (1990-1998). 
ve limes monthly), the annual load was obtained by 
| jmming the loads calculated for each time interval, 
ividing by the sum time interval, and multiplying by 
|65 (days). 
modeled Annual Total Phosphorus Loads 
The modeled annual TP loading f rom both point and 
ffuse sources for 1998 was calculated to be 25 605 
|g y r ' ' . Land use was the primary factor, with diffuse 
burces contributing the greatest amount at 14 085 kg 
with tilled land (7666 kg y r " ' ) , meadow-verge-
Jminatural (2562 kg y r " ' ) , and mown and grazed turf 
610 kg y r " ' ) accounting for the majority of the deliv-
f e d TP, There were eight STWs located within the 
litchment boundaries: Dorchester (13004 PE), Wool 
001 PE), Bradford Peverell (1600 PE), Warmwell 
410 PE), Maiden Newton (1005 PE), Broadmayne 
60 PE), Tollerporcorum (250 PE), and Evershot (210 
|E). There were an additional 5548 PE on private septic 
stems throughout, accounting for an annual contribu-
\)n of 10 200 kg y r - ' (8869 kg yr" ' , STWs; 1331 kg yr" ' , 
piic systems). The remaining 1320 kg yr" ' arose f rom 
e four animal types. 
Seasonal Changes in Total 
Phosphorus Concentrations 
Annual exports of TP are not always the best pre-
ciors of whether an ecosystem will be highly produc-
te in terms of biomass or not (Reckhow and Simpson, 
^80; Bock el al., 1999). Thus, assessing seasonal trends 
TP and the relationship between TP and FRP within 
350 
C 300 
^ 250 
r 200 
g 150 
I too 
§ 50 
,'5 0 
• 1998 
O1990-1997 
Discharge (m's"^ ) 
4. Observed moottUy total P concentrations in tlie River Frome 
1(1990-1998). Error bars = 3 s. 
Fig. 5. Filterable reactive P to total P ratio versus river discfaarge in 
tbe Frome catcfament (1990-1998). 
the catchment is important because large proportions 
of TP are delivered during periods of high discharge 
(Haygarth et al.. 1998), and FRP is the fraction of TP 
most readily available for uptake by aquatic plants. In 
this study, the highest TP and FRP concentrations oc-
curred at the highest river discharge in the autumn of 
1998 (Fig. 3). Regression analysis of TP concentration 
versus discharge f rom 1990-1998 illustrates this pattern, 
with a significant relationship (r^ = 0.68) and the highest 
concentrations of TP occurring at the highest discharge. 
Similar trends have been observed in other rivers and 
streams (Duf f in Creek. Canada [ H i l l . 1981 ]r Lakeland 
streams. U K [Lawlor et al.. 1998); Dartmoor streams. 
U K (Rigler, 1979]; and Foron River, France (Dorioz 
el al., 1998]) where TP loads generally increased with 
river discharge. 
A n examination of observed monthly TP concentra-
tions for 1998 and for the extended time period of 1990-
1997 was undertaken (Fig. 4). Results for 1998 revealed 
elevated values above the yearly mean (222 p.g L ' ' ) 
during January, March, June. August. September, and 
December (235-252 f ig L " ' ) . The extended time period 
of 1990-1997 revealed greater seasonal differences. Val-
ues above the mean (235 jj.g L " ' ) were observed dur-
ing January, June, and August-December (255-303 ng 
L ' ' ) , with September recording the highest mean 
monthly value. Apr i l showed the lowest mean monthly 
value (171 j i g L " ' ) . 
Seasonal Changes in Filterable Readivc 
Phosphorus Concentrations 
Observed FRP data were also examined for seasonal 
trends for the period 1990-1997. Results showed a simi-
lar trend as that for TP, with the highest mean monthly 
values in September and October (176 j ig L " ' ) . The 
lowest mean monthly value occurred in Apr i l (89 p-g 
L ' ' ) . Seasonal trends for 1998 could not be assessed 
due to unavailability of data. Regression of FRP to 
TP ratios with corresponding river discharges (Fig. 5) 
showed a correlation of 0.43. The highest mean FRP to 
TP ratio (0.71) corresponded with the highest mean 
discharge (8.40 m^ s"') in the month of January. Apr i l 
showed the lowest FRP to TP ratio (0.52) and a corre-
spondingly low discharge of 4.24 m^ s"'. This suggests 
that FRP is not only controlled by the dilution of poini 
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Table 3. Seositinty analysts for the Frome catchment 
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Fig. 6. Predicted versus observed seasonal total P loading in the 
Frome catchment (1998). 
inputs but that diffuse inputs are also particularly impor-
tant during storm events. 
Modeled Seasonal Total Phosphorus Loading 
In order to predict monthly TP loading it was first 
necessary to determine baseflow water discharges, as 
they are an integral part of Eq. [2]. This was done by 
averaging discharges for days sul^equent to a period of 
at least 5 d of no rainfall. Baseflow discharges also 
showed a seasonal dependence^ with the highest mean 
monthly value recorded during January (7.83 s~'). 
The lowest mean monthly value (1.08 m^ s"') occurred 
in September. 
Results for the prediction of monthly TP loading f rom 
Eq. [2] are shown in Fig, 6. In these calculations, the 
export coefficients f rom Table 1 were used, as these 
provided the best annual estimate, along with annual 
TP inputs f rom both animal and human sources. Animal 
sources were also calculated using Eq. [2], whereas 
human sources were divided equally between the 12 
months (833 kg mo'*) . 
The predicted results show a similar seasonal depen-
dence to that for the observed 1998 data. December 
showed the highest monthly TP loading at 2367 kg ( in-
cluding human and animal sources) with A p r i l recording 
the lowest loading at 1778 kg. Large differences between 
the observed and predicted phosphorus loading were 
found for the months of February and May with pre-
dicted values 37 and 24%, respectively, greater than the 
observed values. For September, the predicted value 
was 14% lower than the observed value. The annual 
level of rainfall was 1003 mm with a mean monthly level 
of 84 mm across the catchment. However, February and 
May recorded levels were above the mean at 119 and 
153 mm, respectively. 
DISCUSSION 
Model Sensitivity 
The sensitivity of the model was assessed to determine 
which factors exert the greatest influence on the predic-
tion of phosphorus export. Each export coefficient was 
adjusted by an arbitrary value of ± 1 0 % . while holding 
all others at the base coefficient value. The results of 
% 
Homans (sewage treatment works) 3LS 
HOed land 2.7 
Meadow-rerge-seminatnral 1 
Mown and grazed torf 062 
Snbmban and rural development 0.6 
Humans (septic sj'stems) 052 
Pigs 03 
Unclassified land 016 
Cattle 0.13 
Sheep OA 
Conlinoous urban OM 
Dcddoous woodland 0.03 
Horses 0.01 
Coniferous woodland O009 
Grass heath 0004 
Roagfa and marsb grass OOOl 
Inland bare grotmd 0.001 
Scrub and orcfaard O0009 
Open shrub heath O0006 
Dense shrub heath 0.0005 
Bracken 0.00003 
the sensitivity analysis are presented Jn Table 3 and 
expressed as percent change f rom the base contribution. 
As shown, the analysis suggests that nutrient export 
f rom STWs (3.5%), tilled land (2.7%), meadow-verge-
seminatural (1.0%) and mown and grazed turf (0.6%) 
are the most important single factors controlling the 
export f rom the Frome catchment. 
Export coefficients for human and animal sources 
were taken solely f rom Johnes (1996) and judged to be 
an appropriate refiection of literature values. Further-
more, human sources were separated into both private 
septic systems and STWs, thus allowing additional char-
acterization of TP loading. Predicted values were com-
pared with observed (measured) data f rom 1998. The 
final calibrated model prediction (25 605 kg y r " ' ) was 
within 9% of the observed total phosphorus load (23 400 
kg y r - ' ) . 
Catchment Comparisons 
Regression analysis of TP loading from land use (kg 
y r " ' ) on catchment area (km^) for the Foron River, 
France (Dorioz et al., 1998) (83 k m ^ 5400 kg y r " ' ) . 
Frome (414 km^ 14 085 kg y r " ' ) and five other U K river 
catchments (Johnes and Hodgkinson, 1998): Slapton 
U y (46 km^ 1970 kg y r " ' ) , Ryburn (51 km^; 4540 kg 
y r - ' ) , Esk (72 km^; 5083 kg y r " ' ) , Waver (104 km^; 
14040 kg y r - ' ) , and Windrush (363 km^ 6500 kg y r " ' ) 
showed a linear relationship, = 0.926 (Fig. 7). This 
is in agreement with reported data on 108 catchments 
with similar land use (T.-Prairie and Kalff , 1986). This 
linear relationship between catchment export and area 
strongly suggests that phosphorus export can be esti-
mated solely f rom land area. However, the majority of 
the catchments assessed to date are mixed agricultural 
catchments and assessment of model performance in 
catchments dominated by urban environments, inten-
sive farming, and upland areas is required before firm 
conclusions can be drawn with respect to the generic 
application of the model. 
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uig (kg yr~') in (emis of land use. 
TTie Frome catchment showed a greater contributton 
of phosphorus f rom sewage input (10 200 kg yr~'; 40% of 
total) compared with Windrush (3780 kg yr" ' ; 17% of 
total) and Siapton (780 kg yr" ' ; 16% o f total), mainly 
due to population differences. Owens (1970) estimated 
that 1.5 persons ha"* of catchment could contribute 31 % 
of the TP load, similar to the value obtained for this 
study (38%) al 1.3 persons ha"'. 
Filterable Reactive Phosphorus to Total 
Phosphorus Ratio and Seasonal Variations 
In general, FRP and TP followed a similar seasonal 
trend but the FRP to TP ratio was not constant. Highest 
ratios were observed in the winter months, when river 
discharges were higher, while the lowest ratios occurred 
in the summer months. Internal processes play a major 
role in the uptake and release of phosphorus. During 
spring and summer, TP decrease can be explained by 
uptake by bottom sediments and biological uptake and, 
in the case of the River Frome, which is a chalk stream, 
there is a possibility of coprecipitation of phosphate 
with calcite (House et al., 1986; Jansson. 1988). The 
opposite can occur in autumn and winter months, where 
release is attributed to dying plants and algae and resus-
pcnsion of bottom sediments f rom increasing river dis-
charge (Dorioz et aL, 1989; House et al., 1998). Knowl-
edge of trends in TP loading could therefore provide 
useful information on the likely variability in FRP 
concentrations in the Frome catchment, al least on a 
monthly time scale. 
The results show thai, on the whole, the predicted 
monthly TP loads provided a good estimate of actual TP 
loads. However, important differences were observed in 
months of variable discharge (i.e., February and May). 
The difference appears, in part, to be due to an underes-
timation of the observed TP loading resulting f rom the 
sampling program missing some storm events. The ob-
Table 4. Phosphorus reduction scenarios for sewage treatment 
works (ST\Vs) within the Fromc catchment 
Dorchester All STWs Annual total P 
kg P j r - ' kg P , T - ' kg P ) T - ' 
Original 4 942 8 869 25 605 
After treatmenl at 
Dorcbester STW 2 768 6 695 23 431 
After treatment ot all 
ST^Vs - 4 967 21 703 
served database was limited (three to five samplings per 
month) and sampling dates in these months were on 
days of lower river discharges. For example, the mean 
discharge for the dates sampled during February and 
May 1998 was 3.94 s"*. However, mean discharge 
for all days during the same months was greater (5.11 
m^ s"*). This result highlights the need for representative 
sampling campaigns and illustrates a potential use for 
models in helping to design and coordinate sampling. 
In addition, it is likely that TP is retained in the spring 
and summer in the river due to uptake by bottom sedi-
ments and plant and algal growth, thus helping account 
for lower observed values. September is the only month 
where observed export is greater than that predicted. 
This could be explained by the generation of in-stream 
TP by remobilization f rom sediment porewaters, resus-
pension of sediments, and degradation of algae and 
plants in the river. 
Export Model as a Management Tool 
The purpose of modeling phosphorus loads is lo en-
able improved management of a caichment area. The 
construction of an export coefficient model allows in-
formed decisions to be taken on which controls wil l be 
most effective and can be introduced in order to reduce 
phosphorus loads to a receiving water body. This model, 
in a management context, can be used to predict phos-
phorus loads on a large catchment scale when certain 
parameters (i.e., coefficients) are varied. This approach 
• is relatively simple and allows the significance of sources 
(e.g., point versus diffuse) to be assessed. Once deter-
mined, possible reductions can be effected by the imple-
mentation of catchment management strategies. Phos-
phorus management strategies for land use have been 
described at the catchment scale (Heatwole et al., 1987; 
Prato and Wu, 1991). However, there is a belief that due 
to phosphorus transport characteristics many strategies 
may be narrowly targeted and lead to inconsistent ad-
vice (Gburek el al., 2000). 
Phosphorus f rom point sources (i.e., STWs) can be 
controlled more effectively than diffuse sources and its 
effect on water quality better assessed (House and Deni-
son, 1997). Furthermore, the sensitivity analysis predicts 
that a change in export coefficients for STWs is the 
most important single factor in this caichment. One 
such program currently being evaluated in the Frome 
catchment is the tertiary treatment of sewage to reduce 
phosphorus by precipitation with iron chloride as a solid 
solution of iron hydroxide and phosphate, first described 
by Thomas (1962) and Wuhrmann (1964). Under Euro-
pean Directive 98/15/EC, discharges from urban waste 
water treatment plants must be reduced to 2 mg L " ' 
per 10000 to 100000 population equivalents and 1 mg 
L " ' for > 100 000 population equivalents (Commission 
of the European Communities, 1998). A n average TP 
concentration of 3.6 mg L " ' was calculated from the 
modeled TP load and the dry weather flow rale (1^8 
m^ s-') at the Dorchester STW for 1998. Table 4 lists 
the results of this reduction scenario for the Dorchester 
STW as well as for the seven other STWs within the 
H A N R A H A N E T A L : P H O S P H O R U S L O A D I N G IN T H E F R O M E C A T C H M E N T , U K 1745 
catchment. Tertiary treatment at Dorchester would re-
sult in a predicted reduction in the total load of 8^%, 
while application of this treatment to all STWs in the 
catchment would result in a predicted overall reduction 
in the total load of 15% as compared with 1998 loadings. 
These calculations assume that phosphorus does not 
accumulate downstream from the input of treated efflu-
ent to the river over an annual cycle. House and Denison 
(1997) reported no evidence for such an occurrence in 
another chalk river (the Great Ouse), stating that the 
T P content of surface sediments was not affected by the 
STW inputs. 
Model Limitations 
The export coefficient approach is only as good as the 
quality of input data, and nutrient loading predictions 
exhibit some degree of variability. Export coefficients 
are empirical and Lathrop et al. (1998) reported thai 
coefficient variability exists because many are derived 
from short-term monitoring of small drainage areas. 
Short-term or limited monitoring can provide a biased 
data set for calculating loads. For instance, the sampling 
frequency for the Frome during 1998 was three to five 
times monthly. An increase to twice weekly during low 
and peak seasons would provide a more complete data-
set for observed calculations but would incur significant 
additional cost. A further limitation in the model could 
be the reliability of livestock numbers within the catch-
ment. For this study, all animal source data were ob-
tained from a June 1998 parish census. In addition, total 
livestock numbers were based on the assumption that 
parish boundaries uniformly coincided with the Frome 
catchment. 
C O N C L U S I O N S 
The export coefficient model allowed the prediction 
of T P loading, both monthly and annually, in the Frome 
catchment, U K . A total annual T P load of 25 605 kg 
yr~* was calculated using the model, which compared 
with an observed (measured) value of 23400 kg yr"'. 
Diffuse sources (land use, animals, and septic tanks) 
made the most significant contribution to the T P load 
(65%), with 35% of T P coming from STWs. Predicted 
T P loadings were consistent with other published data 
in terms of loading per catchment area. Application 
of the model to investigate the potential effect of E U 
directives on improved P extraction at sewage treatment 
works showed that, for this catchment, reducing the P 
levels to 2 mg L"* in waste water leaving the STWs 
would reduce T P loading to the catchment by at least 
15%. Monthly predicted T P loads corresponded well 
with monthly observed values, except in months when 
there was a high variability in river discharge. These 
discrepancies were most likely due to unrepresentative 
sampling. To overcome this limitation, the development 
of automated monitoring instrumentation (for example, 
based on the chemical analysis technique of flow injec-
tion analysis; Coles et al., 2000; McKelvie et al., 1997; 
Worsfold el al., 1987) is recommended, particularly dur-
ing periods of variable discharge. Such instrumentation 
has the capability to provide F R P data al 30-min inter-
vals in contrast to the weekly sampling used in this 
study. An analysis of F R P to TP ratio showed that the 
ratio varied with discharge, and that T P could therefore 
be used to obtain valuable information on F R P concen-
trations in the catchment. 
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Abstract—There have been several reports on storage protocols for the determination of nutrients in 
natural waters but each one ha!> been limited to a particular sample matrix and they have reached differeni. 
matrix specific conclusions. The aim of this iiudy wus therefore to systematically appl> the various 
recommended storage protocols lo a range of natural water matrices. Samples from four contrasting sues 
in the UK. collected in late vuntcr (February. 1999). were filtered and stored under different conditions 
(-80 C. -20 C. 4 C and at 4 C and -20 C with O.r/o tv v) chloroformi for up to 247 days prior to 
analysis. The sites were the River Frome in Dorset (a chalk stream catchment) and three sites from the 
Tamar Estuary (draining a non-chalk catchment) with salinities of 0,5"^. and . M V Samples and 
controls \vere analysed for total oxidised nitrogen (TON) and filterable reactive phosphorus (FRP) using a 
segmented flow analyser with ^pectrophotometric detection. To investigate possible seasonal effects 
(particularly changes in biological and chemical matrix compositiont. a second sampling campaign was 
undertaken in early autumn (October. 1999). The results showed thai the optimum storage conditions for 
the determination of TON and FRP were highly mairix dependent, with Mgnificant differences m FRP 
stability between the Frome and Tamar catchments (due to different calcium concenirationsi and 
between samples of different salinities (due to different haclerial populations and or dissolved 
organic matter). General guidelines for ^mplc handling and storage arc listed and matrix tpecinc 
recommeiidattons presented for samples rich in calcium and dissolved organic maiter. • 2001 Elsevier 
Science Ltd. .All rights reserved 
AVr lairds—natural vvjicrs. nutrients, storage protocol, nitrate, phosphate, bacteria 
INTROnt CTION 
The dctcrminaiion of nitrate and phosphate conccn-
tnitions in natural waters provides csscniiai data for 
a.sscssini: the health of aquatic ecosvstems (Aston. 
19S0). investigating the biogeocheniieal cycling o f 
nitrogen and phosphorus and monitoring compliance 
with legislation ( C E C . 1975). Accurate measurements 
arc o f paramount importance for predictive purposes 
and therefore every elfori must be made to minimise 
sample conlaiiiinaiion or degradation prior lo 
analysis. The ideal approach is in situ nutrient 
analysis because this eliminates the ni-ed for sample 
storage and although such instrumentation is avail-
able ('Worsl'old ct ill., 19X7; David w <//.. 19^)S| it is 
not yet routinely u.scU. A suitable sample preserva-
tion proti>ci>l must therelore be u^ed in order lo 
minimise the phvsieal. chemical and biological 
Aui lu tr I I I wlu<iii .ill currespii i idcnce should he addressed. 
C-n iJ i i : pw»>rsrt)M •» plyimtuih. . ic.uk 
priKCSses that can alter the phvsico-ehcmical forms 
of nuiricnis during siorage. 
The cirectiveness of prcscnaiion methods depends 
on various factors including sample mairix. f i l irai ion 
technique, slorage container (lype and size), storage 
leniperaiure. chemical addition (e.g. acidification) 
and physical ireaiment (e.g. irradiation or pasieur-
isalionl (Kirkwood. 1992; Brezonik and Lee. 1996: 
Dore (7 «/.. 1996; Zhang and Oriner. I99S1. Table 1 
(niiHlilied from Maher and Woo. 199S) summarises 
reported methods o f storage and maximum siorage 
limes for nutrient deicrminaiions in the dissolved 
fraction, defined as the iVaciion passing through a 
(1.45pm membrane lilier. The major conclusions 
frt>ni Table I were that freezing ( -20 C) or the 
addition of preservaiives is indispensable for an\ 
st\ir.ige prottKol. H*nvever. these studies were gen-
erally carricxl out on one type o f sample matn.x 
obtained from one sampling catnpaign. Furthernutre. 
lew of these studies focused on riverine and esiuarinc 
waters and none on seasonal variations. These 
Tiiblc I. Suirj^c |>iitit\-iiU I'l^ r ilic JciciiniiiiiiiiMi ol'ili>Milvi.-il iuiliit:iii> in luiliiral waters (lukiplCil (ron\ Mjhcr iiiid Woo 
Alllll'H ^ NlltllL'lll HKVK'V' Maniv M L ' I I M I I I I I ' S I O I . I ^ ' L ' Ma\inniil) 
<.hiia^e lime 
(.'ommeiiu 
K>iK-ii .1 .1/ 1 l''7:i l"UI' Dislilk-kl. ia|> a iu l lakk- waU-r UelVi^Liaioi (-1 (') 1 J a y l'ol)'piop)'leii i: a n d polyearhoiiaic euniainer> 
» c i e sdiiahle lor hiora^c. GlasiS cuniaincrs 
sorheil |iliONplu>ruA wilhiii l - 6 h 
SkKiitNi.iil . i i i J K^vu- |I''7.S) l u r SiaiKtaiil\ ailtli.'tt l<> rail) 
« a i i . T 
Kooiii u*'iii|vi:tiiii<.- witli (0 1.) y ilay> ll):('l,> iiueitereJ uiih (lie molyhdvnum blue 
i iK' ihod w h e n a>k'oihie acid vva^ iiseJ a> redueing 
ai:eni 
I'uluu- .7 .(/, ( I'l7')( I ' l t l ' Ki\i.'i wau'i' in . 4 . :() C with wilhom I I I . M U O I (iMliru). KK 
( n o r - i . I ' l i r iti.noi".,). l l;SO» (ii.<15M» or C"IK' l , 
i5 i i i l . 1.) 
14 ilay> Sample:! showed no dccreaic in FRP if 
ehlorol'orm u a s a d d e d a n d samples stored a l 
4 C 
M.>i%v ,1 .it. 1 i*>s:i 1 n r . 11' Open i>k'caii uaicr |-'it)/Cii Uliiiek ami .ilovv), c o o l c J Kl (.') will) williotil 
II^^CI; | i :omi ! 1.). phenol {Aiw^ t.) a iu l :io>l ( p l l 5t 
0(1 ilaj-s No ^i^inilleani chttn^e iit 1'P eonceiilraiion w h e n 
^alnple^ were I'ro/en with wiihuni ucid 
M ; K ' I > . I I U M a i i . l ML'I ;Mii:l)liii l l ' i s : i I K I ' ('iia^lal a i u l oliiaiii ic 
«au*r> 
I I I ('. >lo\\ aiiil (|tiiek live/ill^ ila>s Small ehani^e in KRI* when sample:! were frozen. 
QWKV lVee/in(f redtib'ed I O ^ M T I 
N l l j a iKl N O . l'iiVi|tilaiioi) aiul lake 
u alor% 
Itel'ii^erLiior (4 ) 14 ilaj s Sii;iiilieant changes in eonceiiiraiion \^crc 
observed at'ler ) day 
I'Ik-iiK'iiiMtii iiiul W . i U t : 1 Ul> a m i N O , <t|ViJ iiCi.-aii w a U T r'ro/eii al 4n (.' inilially. llien sloreil al -^0 C' 147 211) J a j ) l -KP eoneeniiaiion dcertjscd in samples stored 
Ioniser ihan 4 moni]|!> 
l .arnlK-n n/. tl';'l2i T l ' . I D P . K K I ' Lake uiiicr Kuh iycraMi |4 C ) IKI) <ja>> No ehani:e in T P in Siimples for up lo 6 monihs 
an J TKI* 
A^'aii/iiiii a i k l Kciiiicily il'^'.M l U l ' Stream waicr K M V C U a l l(> C 4 K >ear» No ^ignilicuni change in FRP concentralion 
l l a \ i : a i i l i i-r <//. (I*i'>.^| 1 Soil k\K'liak 'N Kooni leniper.Muie \^ 1'' ('>. lerrit'eraiion (-1 (') 
I'loA-n 1 :o ( t w i i h uilluiiil l l i:(' l: (41) 4lH)ini: 1.) 
a i u l I I . .SO, 
1 2(la>> Chniii^es iicciirrud within 2 days for J I I stm)ple:t 
uiih .smallest chan^Cb in samples btiircd ut room 
lemiK'raluie or 4 C 
Antinoi a iu l Kcruiii:) ll*>*J7) r O N . NM, anJ HKl* U|K'ii ocean aiul cua>tal 
ualcr> 
ra>iciii i /aiioii ami ^1ttleJ a i roont (eni|vratiirc IX n u n i i h s T O N a n d HHP remained conitant for 1 year, 
N I I 4 lo>»eii aHer 3 days 
l-UP-litiL'iaMe ivaeine phospli.tiiiv T O P loud diNvilvcd pliospliorn-.. T O N - - i o i a l o\iili>ed nitritijcn. T P -total phosphorus. TRP—loi id rcaciive phosphorus, 
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-faciors could lead to changes in biological popula-
- lions, suspended paniculate matter and dissolved 
organic material, major ions and extracellular en-
zymes between sample matrices and over time. 
The aim o f ihis study was therefore lo augment 
previous studies by examining the long-term (247 
days) trends in measured total oxidised nitrogen 
(TON) and filterable reactive phosphorus (FRP) 
conceniraiions in natural waters with contrasting 
matrix compositions. In addition, the possible effect 
o f seasonal matrix variations on the behaviour o f 
nutrients in stored sub-samples and controls was 
investigated by comparing late winter samples 
(February. 1999) with early autumn samples (Octo-
ber. 1999). The second study was carried out for 28 
days because the first study showed that was the most 
crucial period for significant changes in FRP 
concentration. 
Five different storage treatments, namely refrig-
eration (4 C). refrigeration (4 'C) with chloroform 
addition, freezing ( -20 C). freezing ( - 2 0 C) wi th 
chloroform addition and deep-freezing ( -80 C). were 
investigated. These protocols were applied to samples 
from four U K sites selected to give a range o f 
s;ilinilies and contrasting catchment charjcieristics. 
. S A . M P I . I . N C Sr rtS . A . N O E X P E R I M E . N T A L PROCKDl RtS 
Suniplini^ \iti's 
There were tour UK sampling siie.s. ihc Ri%cr Fromc ai 
East Stoke in Dorsci fO..^V pH 7.9. calcium ^.-inm.Ml. ynd 
ihrcc siics m iho Tumyr Esiuan (Tidal rc:ich at Culstock. 
L-a. 0.5?—. Halton Quay. IO"ui. and Drake:, hland in 
Pivmoulh Sound. Grid rd'crcnccs for the locations 
arc yivcn in Tabic 2A and B. The Ri\cr Kromc rises on ihc 
Nitrih Dnrsei Dov^ns near E\ershoi and Hows inio Poole 
H.irbour. The most important ueoloyreal formation isehalk. 
uhieh comprises nearly 50"^ ^ ot" the -114 km" eaiehmcni. and 
it lias a braided ^ct\^o^k of channels. Mime llood relief and 
others naiiirally occurnnj; (Case\ I't al., IV'Jl). 
The Tamar catchment is 822km" .md i^cludc^ the lari:e%l 
urban area in De\nn and Cornwall (L'K> nanielx Plymouth 
(population 2.^ 0.(HKK. and is surrounded by moorland. The 
lenyth of the main river iTumar) is I.^9km. The yeology of 
the region originates from slate, l^nlc^tone and grit and a 
mcumiorphic aureole located in the norih-wolem jnJ 
eastern catchment boundaries asstxriated with tin. copper, 
arsenic and UKahsed \uncsicn mincraliNaiion (Environment 
.Aeencv. IWftl. 
Sampling and Storage Procedures 
Field data (pH. temperature, calcium concentrations and 
salinity) for the four sites at the lime of sampling are shouTi 
in Table 2A (February, 1999). and B (October. 1999). Water 
samples were collected in 5L high-density pol>Tihyleoe 
(HOPE) containers (Nalgene") and filtered in the field 
using a 5L nitrogen pressurised ( < l a t m ) filtration imit 
with a 0.4Spm cellulose acetate membrane filter (U2nun 
diameter. Whatman " ) . The filter uas changed twice during 
sampling (2.5 L of sample for each filter) and with each oeu' 
filler the first 100 mL of filtered sample was discarded. All 
I25mL HOPE sub-sample bottles (Nalgene**) U C T C first 
rinsed twice with filtrate then filled with appro.timately 
50mL aliquois. Sub-sample bottles for each site were then 
bbclled. placed in rcsealable plastic bags and stored under 
specified conditions, i.e. 4'C. -20 C. -80 C and presenta-
tion u i t h 0.1** (V V) chloroform added during sub-sami^ing 
(sec Fig. I). Controls were prepared in 0. 10 and 35%. 
salinity u-atcr using appropriate volumes of ultra-pure n-aier 
(distilled, double dcioniscd and ( jV irradiated) (Elga 
.Maxima". I8.2M0» and low nutrient seawater (LNS. 
Ocean Scientific Iniemational. UK) »iih known nutrient 
concentrations 11.47 pM POj. 74p.M .SO; - NO?) prepared 
from stock solutions of 3 mM POuand 7.l7m.M SO.. These 
controls (treated in the same way as the samples) were used 
to monitor (he effects of storage treatments on artificial, 
salinity-matched matrices). Slock solutions were prepared 
from potassium dihydrogcn r>-phosphate (BDH) and 
sodium nitrate (BOH), respectii.ely. after dr>inc ai HO C 
for 2h. All sub-^mplcs and controls were placed in 
appropriate siorace conditions wiihm 6-8 h of sampling 
after transport at ambient temperature. Triplicate samples 
from each site and a sincle control were anftl>>ed on day 0. 
i.e. on iheda) of sampling (within N h). Subsequent anul>ses 
were performed on da\s 1. 2. 4. S. |4. 21. 56. S4 and 247 j n d 
also on da> .v'vO lor Tamar .t4'?.„ sub-ijmpiei. 
C'U'uiiin^ proi tulurc 
AW containers, bottles and glassviare used dunne this 
5tud\ for manipulating and storing reagents, samples, 
controls and standards were first cleaned o\ernight wiih 
nutrient free delergeni (Neuiracou". Oecon Laboratories. 
L'K t. rinsed three times with ultni-pure water and soaked in 
IO°u (V V ) HCI for at least 24h. .All were then rmscd three 
limes with ultra-pure water and dried at room leniperature. 
.As an extra precaution, cellulose acetate membrane tillers 
(0.4>nm. Whatman. UKl were aUo ^oaked in lO'd (v v) 
HCI for ai least 24h then rinsed three limes with ulira-pure 
uuter before use. 
liiMnniifiilutiuii 
Nutrient concentrations were determined using a sec-
mcnied How analvser iSkalar SAN'''""'i mcorporaiinc a 
chemistry unit (SA 4(K)fl) consisnnc of a four channel 
module holder and two Id channel proportioning pumps. 
Sepunitc chcmistr)' modules and detectors with auiomatie 
Table : . Grul rctcrvncL-N jnd phxHio^.hentiejl pariinhricr-i nI -jtnplo ai I1J> n 
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In fiirld 
FiUcicd sample 
TON + FRP 
In lab Fridge (4 "C) .storagi 
Chlorofnnn 
Duplicate 
No chlorofomn 
Duplicate 
Freezer storage 
Chloroform 
Sinale -20^0 
Control 
4"C 
Control 
-20 "C 
No chloroform 
Single-SO "C 
No chloroforai 
Duplicate - 2 0 1 
Fig. I . Schematic distribution of sub-samples during storage experiment. 
backeround correction (6250 Matrix) were used for each 
analyic (TON and KRP). Refractive index elfects were 
eliminated by subtracting the absorbance at a reference 
wavelength (620nm for TON. MOOnm for FRP) from the 
absorbance at the analyte wavelength (540nm for TON. 
880 nm for FRP). 
Calcium concentrations were determined using a double 
beam flame atomic absorption spectrophotometer (GBC 
Model 902. GBC Scientific Equipment). 
Rfayeni.s for .u-cnwnfcd /lnu- uiuily.wr 
AM solutions were prepared in ultra-pure water and AX 
reagents vvere of AnalaR lor equivalent) grade and were 
purchased from BOH. UK unless indicated otherwise. The 
optimum concentrations for the two nitrogen reagent 
streams were as follows. The buffer contained 25gL ' ' 
ammonium chloride. I mL L ' 25"o(v v) ammonia soluii(*n 
and . 'n iLL ' 30% <v vi Brij 35 nutrient-free detergent 
(Skalar). The colour reageni contained lOgL" ' sutphaniLi-
mide. 0.5 c L " ' i-naphthylcthylenediamine dihydrochloride 
and l.'^OmLL"' low nitrite (^-phosphoric acid. The optimum 
concentrations for the \\\o phosphorus reagent streams were 
as follows. The ammonium imilybdale solution contained 
230ini;L*' potassium antimony tartrate. 6 g L " ' ammo-
nium molybdaie. 69.4mLL ' sulfuric acid and 2mLL" ' 
FFD6 nuiricnt-free deteriiem iSkalan. The ascorbic acid 
solution conlained l l i i L ' ascorbic acid. 60mLL"' 
acetone and ZinLL * FFDf>. Wt)rkine standard solutions 
(0.1-8.0nM POj. 9.0-360pM NO0 were prepared from 
stock solutions (3 mM PO«. 7.14 mM NO,) by dilution with 
appropriate volumes of ultra-pure water and LNS immedi-
ately prior to analysis. 
RflbL L I S AND DISCLSSION 
Ullra-pure water blanks filtered through acid 
washed cellulose aceialc fillets gave no detectable 
response. The initial measured concentrtlions o f 
T O N and FRP in the controls and samples from 
February and October. 1999 are given in Table 3.A 
and B. respectively. For the controls (Fig. 2). dashed 
lines represent = 3 s o f the mean of each of three 
measurements o f two replicates (» = 6) analysed on 
day 0. The error bars for all control daia points 
represent ± 2 s of the mean of three replicate 
measurements ( H = 3). A l l graphs for the February 
1999 study (Figs 2-4) show the measured concentra-
tions of nutrients ( p M ) over the duration of the 
experiment (0-247 days). For the samples (Figs 3 and 
4). dashed lines represent ± 3 s (99.7% confidence) of 
the mean of each of three measurements of three 
replicates o f the relevant sample (// = 9) analysed on 
Tahic } . Oriciiuil contviiiraimnN K\\ TO.N' jmJ K R P in conirols ami vimple^ corrcsponJinv to measurements on day 0 (controls n - 6. 
Sill- Sjlinitv r .« i T O N ± 3 S ( M M » FRP = . U I M M 1 
.1. I'l /'rutirr. / V W .^ /In/t• 
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Tai iur linluary 
Tjiiuir r:Muiir> 
o.n 
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Js 
n.5 
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21.5 ± 1 . : 
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Fig. 4. Measured conornlraiions (pMl of FRP in sub-symplcs stored at 4 C (wiih and uithoul 
chloroform I. a -20 C jnd -80 C for up lo 247 days fonhc February IW J^ -.tudy. Data reported for three 
:.alininei I0 .5f«. I0"u. und 35T^». Error bars represent =2s t// = 6 i . The dolled lines represent - .'S 1H = 9) 
on ihe ini l i j j mcusurenirnis (day 0) of ihc bub-Nample:». 
T O N ranged from 0.4 lo 9.8% and 1.2 lo lOra 
respectively. Presenlation of the data for ihe Ociobcr. 
1999 study was the same as those for the February. 
1999 study. Nutrient concentrations in the controls 
and sub-samples were defined as stable if the 
individual daia point error bars ( ± 2 s ) overlappoi 
with the = 3 s confidence interval (represented by tbt 
dashed lines) for the day 0 data point. 
TO\ ti/ul FRP in comruls {Fchnuuy. i9W) 
The data lor T O N and FRP concentrations in the 
stored controls are shown in Fig. 2. For T O N . all 
controls remained stable for the duration of the 
e.vperimcni (247 days) with the exception of the 35?» 
control stored at A C. which showed a decrease io 
concentration between da\ X4 and 247. The overaD 
loss ol T O N after 247 days was 2 3 - I M M (representing 
3I"y o f the initial value). For FRP all controls 
remained stable when stored in the freezer but there 
was a more marked deierioraiion than was observed 
for T O N when stored at 4 C. with a loss ofO.Tf ipM 
( 5 r « l hy day 247. 
The losses from the .>5".« controls tor both TON 
and FRP are probably due to nuirient uptake by the 
presence o f bacteria in ihe low nuirieni seawaicr 
(LNS> used in the prepar:iiion of the controls. No 
losses were observed for T O N tor the I0".« eonirol as 
a result of the lower LNS volume used in its 
preparation. LNS was supplied tillered ihroueh a 
0.20Jim membrane filter, which does not retain 
unicellular bacteria and is an operationally defined 
process for the fractionation of bacterial species 
(Cotnerand Weizel. 1992). The bacteria remaining in 
the L.NS after filtration could promote the consump-
tion o f T O N und FRP as reported in previous studies 
involving bacterial uptake of inorganic nuirienis in 
natural waters (Jansson. I9SS: Gronlund »7 al.. 1996). 
Molar losses were therefore calculated and showed a 
N : P depletion raiio of 17.4 by day 84 in the .*5"«o 
control which lies within the raniie reported b\ 
Rivkin and Anderson (1997) of 1.4-I8.S lor bacterial 
growth in oceanic waters. 
TOS conccnmitian in nuiural wtiwr suiupU's 
{Fi'hniary. 1999) 
TON concentrations remained stable for all 
storage treatments and all sites (Fig. 3) except tor 
Taniar 34"iw sub-^ampies stored at 4 C without 
chlorolorm (Fig. 3N). where a decre;ise was first 
observed on day 28 and this loss continued >ieadily 
up lo day 3S0 (S.9 - l . 5 p M . not shown in Fig. } ] . By 
day 247. ihe overall loss in concentration was 
I I . I p M (representing a .S2'"o loss). .As with the 
controls, this trend can be partly related to bacterial 
presence in the sub-samples. In addition. s;imples 
were filtered through a (1.45 pm membrane filter, 
resulting in a wider range and higher level ot" 
hacterioplankton (().2-l.()nin) in the sample (Coiner 
3676 Paulo C. F. C. Cardolinski r/ al. 
and Wetzel. 1992: Munsier et al.. 1992) compared 
"with the 35%o control, thereby increasing the like-
lihood o f greater nutrient uptake. 
FRP concentrations in natural water .samples 
(February. 1999) 
FRP concentrations in River Frome sub-samples 
behaved difTerently over time according to ireaiment 
(Figs 4 A - D ) . Samples only remained stable for the 
duration o f the experiment ( 2 4 7 days) when stored at 
4 X with chloroform (Fig. 4 A ) . For the 4 'C storage 
without chloroform (Fig. 4 B ) . the day 0 concentra-
tion ( 2 . 8 8 ± 0 . 4 3 M M ) was maintained unti l day 2 8 . 
after which there was a steady reduction to 
0 . 0 5 ± 0 . 0 1 M M . i.e. almost complete remov-al. This 
can be linked lo bacterial uptake o f FRP. as was 
observed in the corresponding controls and for T O N 
in subsamplcs. Results f rom the two freezer treat-
ments (Figs 4 C and D) showed an immediate 
decrease (day I ) after the freezing/thawing process, 
which can be explained by physico-chemical altera-
tion o f the subsamples. This was demonstrated by the 
presence o f a white precipitate after thawing, 
probably calcile. which coprecipiiated inorganic 
phosphate, thus partially removing FRP from the 
dissolved phase (House et al.. 1986; .\Met aL 1993). 
This cfleci promoted a reduction in FRP concentra-
tion, ultimately leading to a stable value (appro.\i-
maiely 1.95 ± 0 .34 p M ) for all sub-samples. This 
efTeci highlights the need to consider the chemical 
matrix as well as biological factors when developing a 
storage protocol for natural water samples. 
FRP concentrations in Taniar 0.5?.'« sub-samples 
stored at 4 C with chloroform (Fig. 4 E ) showed an 
increase from day 0 (1 .73 ± 0 . 0 1 p M ) lo a stable mean 
value o f I . 9 2 ± 0 . I 6 M M after day I . Alchouch this 
treatment increased the measured concentrations for 
Tamar 0.5 salinity sub-samples, it was shown to be a 
reliable treatment for Tamar 10%o and 34%, sub-
samples (Figs 41 and M ) . The cause o f the increase in 
the Tamar 0.5%o samples (0.22 ± 0.03 j i M ) is not clear 
but lysis of bacteria (due to the addition o f chloro-
form) could release enzymes which would decompose 
colloidal organic matter (liberating FRP) (Haygarth 
et aL, 1995) and specifically, in the case o f released 
phosphatases, hydrolyse polyphosphates and phos-
phorus containing organic compounds (also liberat-
ing FRP) (Denison et aL 1998). 
The Tamar 34%o sulvsamples (Fig. 3N) stored at 
4 'C showed depletion o f both T O N and FRP 
(Fig. 4N) over time, possibly by bacterial uptake, as 
seen in controls prepared in LNS (Figs 2E and K ) 
and stored under the same treatment. On day 56 the 
loss in nutrient concentration as compared with day 0 
(7.81 M M for T O N : 0.69 j i M for FRP) represented a 
molar loss ratio for N : P o f 11.3. which again lies 
with the range reported by Rivkin and Anderson 
(1997). The final losses (day 247) in nutrient 
concentrations were I L I j i M (52% loss) for T O N 
and 0.81 pM (86% loss) for FRP relative to initial 
values, which was higher than for the controls ( 3 1 % 
for T O N and 5 1 % for FRP). 
For Tamar 0.5. 10 and 34 salinitjf sub-samples 
stored at 4 C (Figs 4F. J and N). results showed an 
immediate decrease in concentrations after day 0, 
probably due to the presence of bacteria, leading to 
complete consumption o f FRP by day 247 for both 
Tamar 0.5%o and I0?«, and by day 86 for Tamar 34 ?«, 
sub-samples. However, sub-samples f rom the same 
sites stored in the freezer at - 2 0 C (Figs 4G. K and 
O) and -80 C (Figs 4 H . L and P) showed no 
differences lo the original concentrations after 247 
days. These results support the perceived \iew that 
4"f . ( riloroTurm 
n-r. 
|C) 
n 0 
F i l l . 5. .\lea>ured concenira i ions (j i .M) o f T O N in suh-samples from T a m a r sites siortxl at 4 C (with and 
without c h l o r o f o m i i . - 2 0 C a n d - S O C for up to 2H days for the Oelober . I W study. E r r o r bars 
represent := 2s ti/ =6 ) . T h e dotted lines represeoi ± .^ s Oi=*i) on the initial measurements (day 0) o f the 
eoniriH samples. 
FRP 4*C « CfabnifvBi 
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Fie 6 Measured coneeniraiions (pM) of FRP in sub-samples from Tamar sites stored at 4 X (with and 
without chlorofomi,. -20 C and -SO C for up to 28 da>^ for the October. 1999 study^ Error bar. 
reprcsem i 2 s (i/ = 6). The dotted lines represent = 3s (/i = 9) on the miiial measurements (day 0) ol ihe 
control samples. 
samples cannot be stored for any length of lime at 
4 C (or at ambient temperature) without the addition 
o f a preservative (i.e. chloroform). 
Ettrly mtiumn siudy {October. 1999) • 
TI»e Ociober. 1999 study was undertaken towards 
the end of the summer period of high biological 
productivity in contrast to (he winter conditions 
(February. 1999 study). The results f rom ihe 28 day 
study for October. 1999 showed no important 
dilTerences for the controls when compared with the 
firsi study. The sub-samples f rom Tamar I0%o and 
34''&o stored under the same treatments showed 
behaviour similar to the first study over the first 28 
days (Figs 5E-L and 6E-L) . The depletion of FRP 
(Figs 6B. F and J) occurred in a way similar to the 
tirM study, w i th (he exception o f a slight delay for the 
initial decrease. For Tamar l-X^'oo sub-samples on day 
2S. the obser\'ed loss in nutrient coiiceniraiion 
(9.38 j i M tor T O N : 0.89pM lor FRP) represented a 
molar loss ratio for N : P o f 10.5 compared with 11.3 
for the first study. The sub-samples analysed on day 
134 (data not displayed on graph) resulted in a loss of 
12.2 M M (52%) for T O N and 0.95 pM (S6"'o) for FRP 
of the iniiial concentrations. 
( t ) \ C L L S I O N S 
The results of this study show that it is ditlicult to 
select one reliable treatment for all four sites due to 
the variability in physico-chemical parameters, e.g. 
calcium concentration, salinity and bacterial nutnem 
uptake. However. Ibr each site at least one ircaiment 
provided a reliable method of siorace. The results 
also showed no important differences between the 
two seasons selected for this study. 
The 4 'C ireatmeni was only shown to be efficient 
in maintaining original T O N and FRP concentra-
tions in all three controls (0%o. I09w and 35?oo) up to 
day 8 of the experiment. In conirasi. the freezer 
treatmcni (-20"'C) provided ideal conditions for the 
storage o f controls throughout the 247 day experi-
ment. 
For the River Frome sub-samples, the most 
efTecti^c storage treatment was shown to be 4"C 
with chloroform, although satisfactory stability of 
the sub-samples was achieved up to day 38 at 4"C 
without chloroform. For this site, freezing should not 
be used as a storage method because o f the 
coprecipiiaiion of inorganic phosphate with calciie 
after thawing of the samples (House et a!.. 1986). 
The Tamar 0.5%o sub-samples remained stable 
over the course o f the experiment using both freezer 
treatments (-20=C and -80 'C) . Changes in FRP 
concentration were observed in the early stages of the 
experiment when sub-samples were stored at 4-C 
with or without chloroform. 
The Tamar sub-samples of I0%o and 34%o 
remained stable over lime at 4=C with chloroform 
and with both freezer treatments. Storing 
sub-samples at 4 C without chloroform did not 
prevent the rapid depletion of FRP or the slower 
removal o f T O N from the Tamar 34%o sub-sample. 
It is not possible to design a standard storage 
protocol for natural water due to the contrasting 
physico-chemical and biological characteristics of 
dilTercnt sample matrices. Therefore, in the absence 
3678 Paulo C. F. C- Gardolinski ei al. 
of in silu measurements, it is essential lo design an 
appropriate site .specific proiocol before undertaking 
any sampling programme for the dclcrminalion o f 
nutrients, particularly FRP. Such a protocol should 
take account o f the following general guidelines: 
1. A rigorous cleaning procedure (such a.s ihe one 
described in this paper) is essential to avoid 
coniaminulion. 
2. A l l bamplc containers should he made o f an inert 
material such as HOPE. 
3. Filtration .should be carried out at the time o f 
sampling with a low pressure gradient (less than 
I aim) across the membrane to avoid cell lysis. 
4. Filtered .samples should be analysed as quickly as 
possible, ideally within 8h o f colleclion. lo 
minimise nutrient tosses. 
5. Samples should noi be stored at 4 C without 
chemical ircalmeni. 
6. Calcium rich sample matrices should not be frozen 
in order to avoid precipitalion o f phosphate. 
7. Samples rich in dissolved organic mailer should 
not be chemically treated in order lo avoid the 
release o f cellular enzymes. 
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Ab.stract 
The design and deployment of an in siiu flow injection ( R ) monitor for high temporal resolution monitoring of phosphate 
in the River Frome. Dorset. UK. is described. The monitor incorporates solenoid, self-priming micropumps for propul-
sion. .«)ie no id-operated switching valves for conutJlUng the fluidics and a miniature C C D spectrometer for full spectrum 
(20(^-1000nm) acquisition and operates in a graphical programming environment. A tangential filtration unit is attached to 
the sample inlet line to remove suspended paniculate matter and prc\-ent blockage of the micropumps and valves. Detection 
(at 7IOnm) is based on rnolybdenum blue chemistry with tinill) chloride reduction. The detection limit is 0 . 6 7 P O . ; 
and the linear range can be adjusted by using difTerenl wavelengths for detection. Pump noise is eliminated by subirjcrion 
of the signal at a non-absorbing wavelength (447 nm). Data from an intensive (sample every .10mini field trial on the River 
Fromc performed in October 2000 are presented, and (he implications of the data for refining an expon coefficient model tor 
phosphonis from the catchment are di-scus-wd. © 2001 Elsevier Science B.V. All rights reserved. 
Keywonh: R o w injection: Euimphicaiton: Solenoid 
1. Introduction 
Phosphorus expon (loading) into catchments from 
both poim and diffuse sources can result in euirophica-
lion. i.e. an enrichment of nutrients, which can in lum 
load ((> un increase in biomass and primary producth*-
iiy within aquatic communities [1.2]. Euirophication 
of natural waters has become a subject *»f increa.sing 
public concern which, in the European Union, has 
been rec<ignised by legislation selling 0.1 mg I " ' PO4 
as an indicator level for possible problematic algal 
gn)wth in rivers (31- An assessment of water quality 
' CorTe>pondini: author. Tel .; -)-44-l7.S2.M3()()6; 
fax: -M4-I7.s:-:3.MK)'J. 
E-mail iiJtltvw: p.wnrNloldC) plyinnuth.uc.uk (P.J. Wunlo ld l . 
is an essential prerequisite for the implementation of 
successful management strategies for minimising the 
likelihood of eutrophicaiion. Phosphorus loading is 
an important factor in this assessment and is often the 
best indicator of the nutrient status of receiving wa-
ters. Models have been implemented to predict nutri-
ent loads and their sources and sinks (4-71 and for this 
study a simple e.\port coefficient model for the River 
Frome. Dorset U K . was consioicted. The annual and 
seasonal total phosphorus (TP) loads were predicted 
as the sum of the export of phosphorus from each nu-
trient source (81. However, the transfer of phosphorus 
from land and its conceniraiion in catchments such as 
the River Frome are strongly inliuenced by rainfall. 
There are citensive data on instantaneous (grab 
sample I phosphorus concentrations in rivers but very 
iK)(l.1-:67(Vni/S - sec Irnni mutter O 2001 CIseMcr Science B.V. A l l rishi^ reserved, 
n i : S ( i n ( ) l . : f , 7 0 ( ( ) i ) » ( H .^V.S-T 
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litiJe information that shows short-term changes in 
phosphorus concentration occurring, for example, 
immediately before, during and after a rain event 
Consequently, field instrumentation capable of acquir-
ing high quality analytical data with good temporal 
resolution, i.e. every 15-30 min. would be a use-
ful development in its own right (9.10]. In addition 
such data are essential for building improved mod-
els for predicting the transport and biogeochemical 
behaviour of phosphonis in catchments. 
This paper describes the design and deployment of 
an in situ flow injection ( R ) monitor for high tempo-
rat resolution monitoring of phosphorus in the River 
Frome. The monitor incorporated a miniamre diode 
array detector, self-priming micropumps and elec-
tronic switching valves for controlling the fluidics. 
Analytical performance, in the laboratory and in the 
field, is presented and the influence of the data on an 
expon coefficient model for phosphorus in the Frome 
catchment considered. 
2. Experimental 
2./. Reagents 
All solutions were prepared in ultra-pure water 
(Elga Maxima®. 18.2 MQ) and all reagents were of 
AnalaR (or equivalent) grade and purcha.sed from 
BDH Merck, unless otherwise stated. All containers, 
bottles and glassware used during this study for ma-
nipulating and storing reagents, samples and standards 
were first cleaned overnight with nutrient free deter-
gent (Neutracon®, Decon Laboratories), rinsed three 
times with ultra-pure water and soaked in 10% (v/v) 
H Q for at least 24 h. All were then rinsed three times 
with ultra-pure water and dried at room temperature. 
2.1.1. Flow-injection manifold 
The optimum concentrations for the two phos-
phorus reagent streams were: ammonium molybdaie 
solution dOgl"* ammonium molybdate in 35mil"' 
sulphuric acid), and tin(in chloride solution (0.2 g 1~' 
tin(II) chloride and 2 g r ' hydrazinium sulphate in 
28mil"' sulphuric acid). Working standard solu-
tions in the range of 0.8-8.0 jiM PO4 were prepared 
by dilution from a 3mM stock solution (0.4393 g 
of oven dried potassium dihydrogenonhophosphaie 
diluted to 1000 ml with water). The carrier stream 
was ullra-pure water. 
2./.2. Batch method 
The three reagents used for batch determination 
were: anunonium molybdate (15 g diluted to 500 ml 
with water), ascorbic acid (5.4 g diluted to 100 ml) 
and potassium antimonyl tartrate (0.34 g diluted to 
500ml). Working standard solutions in the range 
0.3-12.0 JJLM PO4 were prepared by dilution from a 
3 mM stock solution (0.4393 g of oven dried potas-
sium dihydrogenonhopho.sphate diluted to 1000 ml). 
2.2. Flow injection (FI) manifold 
The manifold used is shown in Fig. 1. It consisted 
of four solenoid-operated self-priming micropumps 
Carrier 
Ammonium, 
molybdaie 
Tin(II) 
chloride 
ml min ' 
0.58 
0.86 
0.58 
Sample 
(130 Ml) 
30 cm 30 cm 90 cm 
O 
710 nm 
Waste 
Fig . I . F l manifold for the deiemiinaiion of P O j in freshwaiers. 
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(Bio-Chem Valve series I20SPI2-25, PD Marketing. 
Chichester. UK) connected to solenoid-operated PTFE 
switching valves (Bio-Chem Valve series 075X12-32. 
PD Markeiing) with PTFE tubing (0.8 mm i.d.). The 
fluidics and the operation of the system arc dis-
cussed in detail in Section 3.1. An Ocean Optics 
PSD-1000 miniature fibre-optic spectrometer (Anglia 
instruments Ltd., Cambridge, UK) consisting of 
two 1024 element linear C C D arrays was used for 
detection. The master channel (UV-VIS range), with 
600 lines mm"' blazed at 300 nm. enabled a spectral 
range of 200-700 nm. The slave channel (VIS-NIR 
range), with 600lines mm"' blazed at 750nm, en-
abled a spectral range of 500-1000 nm. The light 
source was a miniature halogen lamp (LS-I Ocean 
Optics Inc.). Data communication was performed us-
ing a type II PCMCIA DAQ-DIO-24 card (National 
Instruments Corp., Berks, UK) and a Toshiba Satellite 
4030 CX>S notebook PC (Toshiba Information Sys-
tems Ltd., Surrey. UK). Automation of the manifold 
and data acquisition was controlled using an in-house 
graphical program (LabView™ 5.0, National Instru-
ments Corp.). A schematic diagram of the complete 
system is shown in Fig. 2. 
2.3. Field study site 
The River Frome rises on the North Dorset Downs 
near Evershot and flows into Poole Harbour in the 
Southwest of the UK. The most important geological 
SMA connector 
1 mm Bcoitc opiical 
cable 
Inlet Outlet 
SMA connector 
20 mm 51 
27 mm "i ^Polished window 
Data acquisition card 
(DAQ-700) 
Laptop 
Spectrometer 
(PSD-IOOO) 
Microelectronic 
controller 
24 channel input/output card 
<D10-24) 
Phosphorus manifold 
Tungsten light 
source 
12 V power 
supply 
240 V mains supply 
or 
Petrol driven portable 
generator 
Fig. 2. Schcmaiic diagram of the complete FI sysiem for POa tirtcnninuiion wjih an insert showing ihe PVC flow cell incorporating I mm 
acrylic optical fibre cables. 
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formation is chalk, which comprises nearly 50% of the 
414 km- catchment [ 11 ]. Land use in the catchment is 
predominately permanent grassland, dairying or stock 
rearing, cereals and natural wetlands. The hydrology 
of the Frome catchment is dominated by a highly re-
active aquifer passing beneath the lower catchment 
and Poole Harbour. River flow is dependent on upper 
reach streams and groundwater levels and drains into 
Poole Harbour. UK. 
2.4. Procedures for field trial 
A 3 day high temporal resolution campaign was 
undertaken on the River Frome at the Environment 
Agency gauging station. East Stoke (grid reference 
SY866867). River water was pumped up a vertical 
height of 2 m into the filmiiion unit incorporating 
a 0.45 M-m cellulose acetate filter (0.47 mm o.d.). 
using a rotary pump (Cole-Parmer 7532-02). Calibra-
tion was performed each morning and evening using 
0.8. 1.5, 4.0. 6.0 and 8.0 j l M PO4 standards, with a 
4.0 p .M .standard injected after every fourth or fifth 
river sample as a quality control (QC) sample. Cali-
bration was then adjusted according to the QC result. 
The .sampling cycle was configured to sample every 
30 min. Samples for batch analysis were collected 
in 125 ml HOPE sample bottles (Nalgene®) at the 
same time as sample was inu-oduced into the FI mon-
itor. Bottles were first rinsed twice with filtrate then 
filled with approximately 50 ml aliquois of sample. 
Samples were then preserved with 0.1% (v/v) chloro-
form, labelled, placed in resealable plastic bags and 
stored at 4"C in the dark. Upon return to the labora-
tory (within 6-12 h). samples were allowed to warm 
to room temperature and then analysed immediately 
for PO4 using a Beckman DU-8 spectrophotometer 
according to the method of Eisenreich et al. (I2|. 
3. Results and discussion 
3.1. Instrument design 
Previous field FI systems have typically incorpo-
rated solid-state detection based on light-emitting 
diodes (LEDs) and phoiodiodes. peristaltic pumps 
and texi-ba.sed software. Such solid-slate detection 
is limited in that it can only provide an integrated 
response over the spectral bandwidth of the L E D 
(typically 20-30 nm). In addition, peristaltic pumps 
require frequent recalibration and maintenance as 
well as regular replacement of pump tubing. The use 
of text-based software allows instrument control, but 
is difficult to use and has limited data acquisition and 
processing capabilities. The instrumentation reported 
here therefore provides major advantages in terms of 
spectral acquisition and signal processing, component 
reliability and ease of operation. 
A prototype instrument used to determine nitrate 
in the River Frome. has been previously reported [13]. 
The current instrument has several design modifica-
tions to improve reliability for field use. Firstly, the 
conventional quartz flow cell was replaced by a rigid, 
in-house 20mm bore PVC flow cell incorporating 
I mm acrylic fibre optical cables (see Fig. 2 in.sen). 
Secondly, an on-board tangential flow filtration unit 
[14] was incorporated to prevent blockage of the mi-
cropumps (a limitation of the original design) and 
thereby significantly extend operating lifetime and 
reliability in the field. In addition, the system was 
housed in a secure, impact resistant IP67 rated poly-
carbonate box (FIBOX. Finland) for adequate protec-
tion during field use and the software was modified 
to allow for replicate analyses and in-field adjustment 
of the calibration. 
The self-priming micro pumps and miniature 
solenoid valves provided a viable alternative to peri-
staltic pumps. Fig. 3 shows the fluidic layout of the 
FI automation injection sequence. Switching valves 
were set to normally open — common (NO/COM.Ml 
when de-energised and to normally closed — com-
mon (NC/COMM) when power was supplied to the 
valves. The advantages of the system are low mainte-
nance (and therefore potentially longer deployments) 
and electronic control of the flow rates. The two 
drawbacks are the additional pulsing of the micrap-
umps compared with peristaltic pumps and their 
susceptibility to blockage from particulate matter. 
The first problem was overcome by using the spectral 
capability of the detector to subu^ act the signal at a 
non-absorbing wavelength and the second problem 
by incorporation of the tangential flow filter. 
The phosphorus FI manifold was based on a pub-
lished design [15] but the limit of detection was im-
proved to meet the needs of the study site (annual 
variability of I—JfiM PO4) (9.15|. This was achieved 
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Rg. 3. Fluidics of the automated R monitor for POj determination. Switching v-jlvcs were set to normally open — common (NO/COMM» 
when de-encrgiscd and lo normally closed — common (NOCOMM) when power u-js supplied to the valves. 
by increasing the sample volume from 40 to ISOjiI 
and monitoring the phosphomolybdenum blue species 
produced al 7IOnm (instead of 690nm). 
3.2. Laboratory FI calibration 
The FI determination of PO4 was based on the 
standard reaction with acidic molybdate to form 
12-molybdophosphate. which was then reduced to 
form an intensely coloured molybdophosphaie blue 
species [16]. Five phosphate standards covering the 
ranee 0.8-8.0 jiM PO4 gave linear calibration graphs 
(r- > 0.998). with a gradient of 0.0043 absorbance 
fiM"' and an intercept of -0.009 absorbance. The 
relative standard deviations (R.S.D.) for these stan-
dards were typically in the range of 0.0-1.3% (/i = 3) 
and the limit of detection (calculated from the mean 
of the blank plus three times the standard deviation 
of the blank) was 0.67 JJLM PO4- All measurements 
were made at 7IOnm (A.nm) and processed by sub-
tracting the absorbance at a non-absorbing reference 
wavelength (447 nm). Fig. 4a and 4b compare the sin-
gle (7IOnm» and dual wavelength (710-447nm) FI 
responses for the standards and cleariy demonstrates 
the success of using the non-absorbing wavelength 
to remove the effect of pulsations caused by the 
micropumps. 
The linear calibration range was extended to 0.8-
50M.M P O 4 by reducing the sample volume in-
jected from 130 to 90p.l and monitoring at 650 nm 
(selected as the wavelength giving 50% of maximum 
absorbance at 710nm). This gave a linear calibra-
tion graph (r- = 0.994. n = 6) with a gradient of 
0.0034 absorbance p.M"' and an intercept of 0.009 
absorbance. Good reproducibility was also observed 
throughout the range, with R.S.D.s typically <3.0% 
(n =7) . This shows that the linear range can easily 
be adjusted in the field to suit local conditions and 
changing circumstances, e.g. storm events. For this 
deployment. 710-447 nm with a sample loop volume 
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of 130 M.1 was considered the best measurement proto-
col for the levels typically found in the River Frome in 
October. The addition of the QC (4.0 j i M POa) after 
every fourth or fifth sample allowed for correction of 
drift arising from. e.g. changes in air temperature. 
3.3. River Frome field study {October 2000) 
A comparison of the data for the three field cal-
ibrations (1-3 October 2000) is given in Table I . 
Reproducibility for replicate injections of standards 
was typically <4.0% R.S.D. (n = 3) and the pooled 
data (between batch) also showed R.S.D. of <4.0%. 
with a linear correlation coefficient (r^) of 0.997. The 
QC sample was analysed 15 times over the 3 day 
period and the results were all within 3.7% (range 
3.81-3.95 M-M PO4). showing that external factors 
did not significantly affect the response. Fig. 5 shows 
the diurnal PO4 concentration profile over the course 
of the 3 day monitoring campaign, during which the 
monitor ran continuously after initial insullation ex-
cept for deliberate stoppages for the calibrations and 
subsequent changes of filter in the tangential flow 
filtration unit. The environmental significance of the 
data is discussed in Section 3.5. 
3.4. Intercomparison study 
An intercomparison study between the FI 
instrument and the batch method on 30 samples was 
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Table I 
Tabic of field calibration data for POj obtained during the field dq)!oyraent on the River Frome. 
f P O i l (yiM) in = 3) 
Day 1 Day 2 Day 3 Pooled Data 
Mean 
absorbance 
R ^ . D . (%) 
in = 3) 
Mean 
Asorbancc 
R^ .D . i%) 
fn = 3 ) 
Mean 
absorbance 
R.S.D. (%) 
in = 3) 
Mean 
absorbance 
R.S.D. (*T) 
<n = 3) 
0.8 0.0027 2.7 0.0021 3.7 0.0019 I J 0.0020 2.6 
1.5 6.0 0.0(M9 2.3 0.0040 2.7 0.0043 3.7 
4.0 0.0131 0.9 a c t 35 4 J 0.0121 0.8 0.0126 2.0 
6.0 0.0168 1.0 0.0181 0.7 0.0166 2 J 0.0172 1.3 
8.0 0.0260 1.6 a0276 2.0 0.0257 1.9 0.0263 I.S 
0.993 0.993 a998 0.998 0.995 0.995 0.997 0.997 
Gradient (absorfoance. J L M " ') 0.0038 0.0038 0.0043 0.0043 0.0038 0.0038 0.0038 0.0038 
Intercept fabsorfoancc) 0.0003 0.0003 -aoo9 -0.009 0.0004 0.0004 0.0007 0.0007 
undertaken. Samples were analysed immediately us-
ing the FI monitor (range 4.74-5.13 \xM PO4) and also 
collected manually, stored and analysed later (within 
8h) using the batch method (range 4.75-5.34jiM 
PO4). A paired /-test showed no significant differ-
ence at P = 0.05 (the critical value of I/I was 1.96 
and the calculated value of 1/1 was 0.88). This means 
that data acquired using the field instrumentation can 
be directly compared with historical data acquired 
using the batch method and can therefore also be 
incorporated into the export coefficient model. 
3.5. Effect of FI data on the export coefficient model 
The export coefficient model for the Frome catch-
ment [81 predicted a TP load of 26.100 kg per year. 
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Fig. 5. Time .series ploi of POi concentration obtained »»*w a 3 day samplini! campaign on the Ri\er Fmme in October :000. 
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compared with an observed (measured) load of 
23.400 kg per year for 1998. Data for the observed 
load were obtained from manually collected samples 
(four per month) analysed in the laboratory using 
the batch method. The concentration data were inte-
grated with flow data from the same sampling point 
and the observed annual load determined. Due to the 
variation in number of days between measurements, 
the loads were calculated on a time interval basis and 
aggregated to obtain the annual load. The observed 
load for 1998 was 11% less than the predicted load, 
due in pan to the lack of resolution of the manual 
sampling programme, which meant that insufficient 
samples were collected during periods of peak river 
fiow (when phosphorus loads are at their highest). 
During the 3 day deployment, and for 10 days 
prior to that, it remained dry and therefore it is not 
surprising that Fig. 5 does not show major changes 
in POj concenu^iion. Nonetheless the difference be-
tween the highest and lowest concentrations of PO4 
observed would have resulted in an annual difference 
of 770 kg in an aggregated calculation which, assum-
ing a constant ratio of TP to PO4 of 1.6:1.0 [8]. is 
equivalent to 1230 kg TP. It is reasonable to a.ssume 
that over the lifetime of a rain event the PO4 concen-
tration will fluctuate much more rapidly and that this 
data wil l have significant leverage on the aggregated 
observed annual load. The above hypothesis wil l 
be tested during future deployments but this paper 
demonstrates the feasibility of acquiring the necessary 
high temporal resolution data using R based field 
instrumentation. 
4. Conclusions 
The n field monitor described is effective and 
reliable for measuring PO4 in freshwaters. with a 
detection limit of 0.67 and the ability to respond 
to changes in environmental conditions by adjusting 
the wavelength used for detection. The addition of the 
tangential flow filtration unit prevented blockage of 
the micropumps seen in earlier deployments, which 
allowed extended and uninterrupted introduction of 
samples. The monitor can sample with high tempo-
ral resolution (every 30min) which is necessary to 
measure shon-ierm changes in PO4 concentration. In 
addition, the acquired data can be used to refine the 
export coefficient model for phosphonis loading in the 
Frome catchment 
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